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1 .  INTRODUCTION 


This  is  the  final  report  for  grant  AFOSR  83-0067.  The  period  covered 
ia  May  1.  1983  to  April  30,  1986.  Partial  results  of  the  research  have  been 
reported  previously  in  two  annual  reports  entitled.  Material  Problems  for 
High-Temperature,  High-Power  Space  Energy-Conversion  Systems,  and 
Investigation  of  Material  Problems  for  High  Temperature,  High  Power  Space 
Energy-Conversion  Systems,  in  May  of  1984  and  May  of  1985,  respectively. 

The  final  report  has  been  divided  in  six  sections.  The  first  one  is  an 
introduction.  In  the  second  section,  the  theory  of  dilute-solutions 
ultralloys  from  tungsten  sintering  with  special  eutectic  applications  is 
presented,  together  with  a  comprehensive  literature  survey  including  95 
references.  In  the  third  one,  the  results  for  the  work  function  evaluation 
of  tungsten-rhenium  sintered  alloys,  obtained  by  using  thermionic  emission 
microscopy,  are  presented.  The  influence  of  rhenium  content  in  the  range  3 
percent  to  30  percent,  and  temperature,  between  1946  to  2339K  in  the  work 
function  are  reported.  The  fourth  section  includes  the  determination  of 
effective  work  function,  normal  spectral  emissivity,  recrystallization 
temperature  and  microhardness  of  tungsten-rhenium  and  tungsten-rhenium- 
thoriated  alloys,  in  the  temperature  range  between  1400  to  2500K.  Section 
No.  5  summarizes  the  research  on  the  influence  of  heating  time,  temperature 
and  alloying  content  of  rhenium  in  the  work  function  of  tungsten  alloys  as 
determined  in  the  Vacuum  Emission  Vehicle.  Finally,  in  the  last  section, 
the  mechanical  properties  of  tungsten-30  percent  rhenium  were  investigated 
by  using  an  Instron  tensile  testing  equipment  with  s  high  tempersture, 
ultrahigh  vacuum  system.  The  relationship  between  the  normalized  Young's 
modulus,  ultimate  tensile  strength,  yield  strength,  elongation  and  test 
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ABSTRACT 


Rapidly  accelerating  space-power  requirements  intensify  demands  for 
ultimate  alloys  based  on  the  most  refractory  metal  —  tungsten.  These 
nltralloys  must  maintain  the  high-temperature  advantages  of  V  increase  its 
resistance  to  creep,  recrystallization  and  embrittlement  enable  its  quality 
control  and  aimplify  its  processing  if  possible.  Such  an  alloy  system 
appears  to  be  achievable.  This  W  modification  involves  the  order-of-1% 
addition  of  the  probable  ternary  eutectic  comprising  ~60a/o  Ir  approximately 
completed  with  the  ~2-to-l  Th-to-Hf  eutectic  (Th,  ~32a/o  Hf  -1450  C)  and 
probably  melting  near  1500  or  1600  C.  The  binary  Ir,  43a/o  Th  eutectic  (or 
perhaps  Ir,  lOa/o  Th  both  melting  at  -1540  C)  and  to  a  lesser  extent  Ir, 
37.7a/o  Hf  (-2080  C)  qualify  similarly:  Ir  with  5dT  electrons  and  good 
solubility  of  W  but  poor  solubility  in  V  is  a  promising  candidate  for 
activated  sintering  of  W  —  a  metal  it  renders  considerably  more  ductile  as 
well.  Furthermore  appropriate  inclusions  of  Th  and  Hf  substantially  reduce 
the  Ir  melting  point  (-2450  C)  and  maximize  gettering  of  0,C  and  N 
segregated  as  V  oxide,  carbide  and  nitride  encrustations  at  granule 
surfaces.  Such  reactions  provide  Ir  access  to  V  and  disperse  extremely 
stable  ThOl,  HfC  and  HfN  intergranularly  to  oppose  grain  growth,  creep, 
cavitation  and  embrittlement.  These  chemical  reactions  also  remove  metallic 
Th  and  Hf  finally  which  with  V  solution  in  and  of  Ir  raise  the  nltralloy 
fusion  temperature  to  approach  that  of  W  itself.  Thus  proper  T,  Ir,  Th,  Hf 
combinations  (with  slight  0  and/or  C  additions  if  indicated)  offer  excellent 
potentialities  for  improvement  of  W  processing  and  properties.  This  liquid- 
phase  activated  sintering  of  W  offers  ultralloys — upgraded  in  contrast  with 
degraded  characteristics  produced  by  usual  approaches  utilizing  Ni  or  Pd 
with  their  comparatively  low  melting  points,  high  vapor  pressures  and  poor 
gettering  capabilities.  Although  Th,  ~15a/o  Ir  (-1340  C)  Hf,  ~17a/o  Ir 
(-1430  C)  and  probable  Th,  ~28a/o  Hf,  ~16a/o  Ir  (-1400  C)  hold  some  W- 
activated-sintering  interest  they  appear  to  reduce  the  Ir  effect  too  much. 
Another  bonus  is  the  dilute-solution  simplification  of  basic  research 
contributing  to  prototypic  space  ultralloys. 
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SPACE-POWER  AIMS  DEFINE  ULTRALLOY  TARGETS 

Space-mission  goals  of  minute  pulses  tenths  of  a  gigawatt  above  steady 
states  up  to  several  megawatts  pose  problems  that  challenge  even  optimistic 
material  projections.  Such  great  temporal  power  integration  in  space  demands 
ultimate  thermo  physicochemical  capabilities.  And  one  categorical  requirement 
is  excellent  tensile  creep  strength  at  extremely  high  temperatures  in  hard 
vacuum.  This  requisite  essentially  specifies  dilute-addition  alloys  of  the 
maximal  metal  tungsten  [1].  W  offers  the  greatest  elemental  self-diffusion 
(creep)  activation  energy  (-0.6MJ/mole) ,  thehighest  tensile  strength  above 
J-1900K,  the  lowest  vapor  pressure  (-4x10  torr  at  2000K)  and  the  maximum 
metallic  melting  point  (-3680K,  higher  than  Ta  by  >400K  and  Mo  by  -800K). 
These  and  other  hi  gh- temper ature  advantages  of  W  must  also  characterize  its 
ultralloys.  But  there  low  concentrations  of  specifically  active  additives 
must  reduce  creep,  recrystallization  and  embrittlement  as  well  as  facilitate 
processing  and  quality  control  if  possible. 

Improvement  of  W  properties  in  dilute-addition  ultralloys  receives 
considerable  attention  in  references  1  to  6.  In  fact  reference  1  dis  cusses 
the  alloy  efficacy  of  several  percent  Re,  the  order  of  one  percent  Os  or  a  few 
tenths  percent  Ir  dissolved  in  W.  Enhancement  of  such  dilute- solution  effects 
is  possible  with  small  added  quantities  of  the  excellent  "getters"  Th  and  Hf 
(Figures  1  to  3,  Table  1):  Th  exhibits  an  extreme  affinity  for  0  forming  ThOe 
"which  thermodynamically  is  the  most  stable  oxide"  [7]  with  "a  melting  point 
of  3300°C...the  highest  of  all  oxides"  [8].  And  Hf  evidences  great  chemical 
attraction  for  C  as  well  as  N  producing  HfC  "the  most  refractory  binary 
composition  known"  (-4120K)  and  HfN  "the  most  refractory  of  all  known 
nitrides"  (-3580K)  [8].  Therefore  slight  Th  and  Hf  additions  convert 
deleterious  W-partl  cle  encrustatl  ons  of  oxides,  carbides  and  nitrides  to 
propitious  intergranular  dispersions  of  exceedingly  stable  interstitial- 
impurity  reaction  products  [1-6], 

This  strategically  located  conversion  of  embrittling  weakening  grain- 
surface  films  to  ductilizing  strengthening  interparti cul ate  dispersoids 
attains  specific  importance  in  both  completely  fused  and  sintered  W  because  of 
its  inherently  limited  solubilities  for  problematic  elements  [9]: 

The  extent  to  which  the  plasticity  of  refractory  metals  is 
affected  by  the  interstitials  varies  depending  on  the  kind  of 
impurity.  On  the  basis  of  studies  of  the  interactions  of 
impurities  with  VIA-group  metals  the  following  "embrittlement 
sequence"  (in  the  order  of  decreasing  effect)  has  been 
established:  carbon,  oxygen,  nitrogen,  hydrogen  [10-12].  As 
far  as  metals  of  the  VA  gro.up  are  concerned  the  sequence  may 
be  written  as  follows:  hydrogen,  nitrogen,  oxygen,  carbon 
[13].  Oxygen  is  the  most  harmful  impurity  for  rheniun  [14]. 

Hard  and  brittle  nonmetallic  compounds  in  the  form  of  films 
or  sheets  precipitated  along  the  subgrains  are  particularly 
harmful.  The  bond  between  the  subgrains  is  sharply  decreased 
in  this  case  resulting  in  brittle  fracture.  For  example 
0.006/6  oxygen  is  enough  for  all  grains  in  the  molybdenum 
crystal  to  be  surrounded  by  its  oxides.  When  the  content  of 
interstitial  impurities  does  not  exceed  the  solubility  limit 
the  VA  and  VIA  group  metals  are  plastic  at  low  temperatures 
[10]. 
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FIGURE  l.  STABILITY  RELATIONSHIPS  OF  REFRACTORY  OXIDES 

Solid  lines  are  lines  of  constant  standard  free 
energy  of  formation  from  the  elements.  The 
darkly  shadowed  area  is  the  region  of  greatest 
stability. 
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A  film  of  a  second  phase  is  not  always  revealed  when 
intergranular  embrittlement  takes  place.  Nucleation  and 
propagation  of  the  crack  in  this  case  occur  due  to  the 
intergranular  segregation  of  impurities  from  the  solid 
solution  [15].  The  impurities  are  clustered  in  the  surface 
layers  of  the  crystal  to  the  depth  of  2-3  atomic  diameters. 
Auger-electron  spectrometry  may  be  used  to  reveal  these 
impurities  [16,17]. 

The  interstitial  impurities  of  the  solid  solution  also 
considerably  deteriorate  the  plasticity  of  refractory  metal 
mainly  due  to  the  locking  of  dislocations  and  to  the  decrease 
of  the  resistance  to  crack  propagation  [18].  However  the 
impurities  in  solution  exert  a  smaller  effect  on  the 
brittleness  of  refractory  metals  than  as  if  they  were  present 
in  the  form  of  a  second  phase  [19].  For  example  a  large 
number  of  coarse  carbide  and  oxide  inclusions  are  present  in 
poly-  and  single-crystalline_±ungsten  of  commerical  purity 
(carbon  2  10^  and  oxygen  2  1  0  ^  wt-%)  .  WJi^n  reducing  the 
carbon  and  oxygen  content  down  to  10  and  10  wt-$ 
respectively  W2C  and  WC  are  rarely  formed.  Using 
transmission  electron  microscopy  (lOOOkV)  the  inclusions  were 
revealed  in  the  tungsten  single  crystals  with  given  carbon 
and  oxygen  content  containing  in  addtion  silicon, 
phosphorous,  boron  and  sulfur.  The  elements  listed  above  are 
present  in  the  original  material.  They  then  pass  to  tungsten 
during  the  chemico- technological  processing. and  tjp  growth  of 
the  single  crystal.  They  amount  to  10  i  -10  wt-%  each. 

This  considerably  exceeds  the  solubility  limit  of  these 
elements  in  tungsten  at  room  temperature  [20-21*]  thus 
resulting  in  the  formation  of  the  second-phase  inclusions.... 

This  discussion  by  Savitsky  emphasizes  the  need  for  utilization  of  gettering 
metals  such  as  Th  and  Hf.  In  fact  Savitsky  strongly  advocates  the  use  of  Hf 
to  form  HfC  because  of  "its  high  thermodynamic  stability  in  tungsten"  as  it 
"raises  the  temperature  of  the  onset  of  structural  changes  on  recovery  and 
recry3tallization  by  300-600°C  ,..  .increases  the  overall  resistance  of  the 
material  to  brittle  failure  and  improves  the  mechanical  properties"  [25]. 

Furthermore  elements  such  as  Hf  and  in  particular  Th  that  differ 
considerably  from  W  in  crystal-ionic  radii  exhibit  nearly  nil  solubility  in  W 
and  therefore  alter  its  characteristics  substantially  as  minute  inclusions. 
In  support  of  this  observation  reference  26  asserts,  "The  recrystallization 
temperature  of  tungsten  is  strongly  affected  by  small  additions  of  zirconiun, 
hafnium  and  boron  with  an  atomic  radius  differing  greatly  from  that  of 
tungsten  and  with  very  slight  solubility  in  tungsten."  The  crystal-ionic 
radii  of  Zr (0.79A.+J4) ,  Hf (O.TSA.+H)  and  B( 0. 23A, ♦3)  deviate  considerably  from 
0.62A  for  W  (+6).  This  difference  is  particularly  great  for  B  which  raises 
the  W  recrystallization  temperature  H00°C  at  only  0.005  w/o  [26].  But  B  has 
notorious  interstitial-diffusion  tendencies  and  a  2000K  vapor  pressure  two 
orders  of  magnitude  higher  than  that  of  Zr  or  Hf.  In  contrast  Th  vaporizes 
comparably  with  Zr  and  Hf  at  2000K  and  stands  in  size  opposition  to  B  with  a 
1.02A  crystal-ionic  radius  (+*0  .  This  radial  mismatch  with  W  should  assure 
more  impressive  results  at  lower  concentrations  than  for  Zr  or  Hf.  And  again 
Th  segregates  intergranularly:  There  its  excellent  gettering  capabilities 
contribute  to  freeing  W  from  embrittling  encrustations  of  compounds  with 
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interstitial  impurities  and  distribute  resulting  stable  intergranular 
refractory  dispersoids  to  further  benefit  ultralloys  [1,3].  But  if  such 
dispersions  are  necessary  in  greater  quantities  to  optimize  resistance  to 
creep,  recrystallization  and  embrittlement  appropriate  adjustments  are 
possible. 

Accordingly  low-concentration  additives  enable  desired  W-alloy-property 
improvements.  However  effective,  efficient,  quality-controlled  processing 
remains  a  problems  Melting  in  vacuum  or  high-purity  cover  gas  is  expensive 
and  time-consuming  as  is  chemical  vapor  deposition.  So  physically  compacting 
then  sintering  prevails  although  this  process  provides  neither  the  best  nor 
the  most  precise  product.  Of  course  homogeneity  is  unapproachable  except  in 
extremely  pure  single- crystal  W  which  is  prohibitively  costly.  But  sintering 
invites  segregation  difficulties  beginning  with  production  and  control  of  the 
powder  characterized  by  purity,  size,  shape,  porosity,  microstructure, 
defects,  specific  surface,  size  distribution,  density,  flowability  and 
compressibility. 

These  somewhat  simplistic  divisons  subdivide  further  as  exemplified  by 
the  preceding  discussion  of  purity  effects  depending  at  least  on  chemical 
types,  amounts,  locations,  processing,  interacting  impurities,  specific 
additives....  The  unintended  inclusions  initiate  of  course  in  the  ores, 
scheelite  (predominantly  CaWO„)  and  wolframite  (primarily  FeWO„  and  MnO„), 
which  contain  many  difficultly  removed  impurities.  The  resulting  W  oxides 
generally  undergo  hydrogen  reduction  yielding  W  powders  with  the  following 
extraneous-elements  analyses  [27]. 


TYPICAL  ANALYSES  OF  HYDROGEN -REDUCED  TUNGSTEN  POWDERS  (PPM) 


Element 

Low  Grade 

Commercial  Grade 

Very  High  Purity 

* 

0 

1000-3000 

500-1500 

150 

C 

100-300 

80 

30 

N 

50 

50 

30 

H 

50 

20 

10 

Mo 

50-300 

100 

30 

Ni 

200 

30 

20 

Fe 

100-200 

50 

20 

Mn 

100 

<10 

<<10 

Si 

100 

10 

10 

A1 

50-100 

10 

10 

* 

Oxygen  content  depends  on  particle-size  distribution  (next  table). 
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TYPICAL  FISHER  SUBSIEVE  SIZE  OF  HYDROGEN-REDUCED  TUNGSTEN  POWDERS 


Type 

Average  Size,  pm 

Range  from  lOw/o  Smaller  to  lOw/o  Larger,  pm 

C-3 

0.7-0. 8 

— 

C-5 

1 .05-1 .20 

0. 8-4.0 

C-6 

1 .80 

— 

C-8 

2.60-3.50 

1 .8-5.2 

C-10 

4.50-5.50 

2. 8-6. 8 

C-20 

6.50-7.02 

3. 4-8.2 

c-4o 

8.00-8.50 

— 

These  tables  merely  Imply  composition  and  size  distributions  typifying  W 
powders  entering  the  simplest,  cheapest  consolidation  process  —  sintering. 

In  view  of  these  and  other  previously  discussed  complications  some 
special  adaptations  are  necessary  to  reduce  creep,  recrystallization  and 
embrittlement;  to  maintain  high  melting  points  and  low  vapor  pressures;  to 
facilitate  processing  and  quality  control;  and  yet  to  continue  to  produce 
consolidated  W  alloys  by  sintering.  In  any  event  the  preceding  enumerations 
of  objectives  and  impediments  indicate  how  space-power  aims  define  ultralloy 
targets. 


SINTERING 

Powder  metallurgy  leans  heavily  on  consolidation  by  physical  compaction 
then  thermal  contraction.  The  latter  actually  comprises  thermophysicochemical 
processes  "to  weld  together  partially  and  without  melting"  the  compressed 
products  of  the  former  operation.  While  that  particular  dictionary  definiton 
is  simplistic  it  conveys  a  rudimental  feeling  for  "sintering."  But  efforts  to 
define  this  subject  in  detail  began  long  ago.  For  example  Adamson  in  his  I960 
text  [28]  recalls  the  1942  contributions  of  "Huttig  [29]  in  an  extensive  study 
of  the  sintering  process"  and  continues  the  elaboration: 

Although  sintering  by  defintion  occurs  while  the  particles 
are  still  apparently  solid  the  temperature  must  not  be  too 
far  from  the  melting  point,  and  the  first  marked  effects 
usually  occur  from  0.75  of  the  melting  point  on.  At  such 
temperatures  bulk  flow  in  response  to  the  pressure  gradient 
of  the  curved  surfaces  of  the  pores  may  be  important. 
Mackenzie  and  Shuttleworth  [30]  concluded  that  this  effect 
was  the  one  mainly  responsible  for  the  density  increase  on 
sintering  and  that  it  represented  a  cooperative  phenomenon  in 
that  although  it  could  not  occur  for  an  isolated  pore  it 
could  in  the  case  of  a  porous  mass....  Herring  on  the  other 
hand  felt  that  surface  diffusion  and  other  transport 
processes  rather  than  plastic  flow  are  usually  dominant  [31]. 

More  recently  Kuczynski  [32]  in  reviewing  the  matter 
concluded  that  densif ication  during  sintering  was  mainly  due 
to  volune  diffusion  with  grain  boundaries  acting  as  sinks. 
Sintering-mechanism  debates  persisted  through  the  interim  until  today 
fragmentation  of  this  technology  might  be  expected. 


However  the  contemporary  technological  status  is  one  of  agglomeration 
[333:  "Various  types  of  material  transport  including  viscous  flow,  plastic 

flow,  evaporation-condensation,  surface  diffusion,  grain  boundary  diffusion, 
and  volume  diffusion  may  occur  during  sintering.  Models  and  sintering 
equations  with  a  circular  neck  shape  assumption  have  been  proposed  [ 3 ^ —  ^ 0 3  to 
describe  these  mechanisms."  There  is  a  lesson  in  socioscientif ic  sintering  to 
be  learned  here:  Incorporate  the  complete  distribution  of  reasonable 
mechanistic  fragments  and  consolidate  them  within  the  lowest-free-energy  (and 
simplest)  model  geometry.  But  even  with  such  simplification  sintering  and  its 
products  are  complex,  heterogeneous,  difficult  to  define  and  therefore 
Incapable  of  complete  control  —  especially  for  highly  refractory  materials. 


ENHANCED  SINTERING 

"The  densif ication  rate  in  sintering  tungsten  powder  can  be  significantly 
increased  by  small  additions  { 1  —  % )  of  group  VIII  transition  metals  as 
activators  (Hayden  and  Brophy,  1963)  [41].  Among  them  palladium  and  nickel 
appear  to  have  the  greatest  effect.  With  0.25?  palladium  densities  of  93.5 
and  99.5?  of  the  theoretical  are  obtained  after  sintering  30  minutes  and  16 
hours  respectively  at  1100°C  (2012°F)  in  hydrogen.  Tungsten  powder  at  this 
temperature  and  without  such  added  elements  can  only  be  presintered.  Metallic 
activation  however  results  in  a  brittle  product  although  some  improvement  is 
possible  by  a  postsintering  treatment  (Toth,  1965)  [42].  The  mechanism  for 
this  increased  densif  ication  rate  has  been  proposed  (Brophy  et  alii,  1961) 
[ ^33 -  The  activating  element  appears  on  the  tungsten  surface  forming  'carrier 
phase'  layer.  Tungsten  dissolves  preferentially  into  the  layer  at  points  of 
particle  contacts  and  diffuses  outward  in  the  interface  between  the  carrier 
phase  layer  and  the  particle  itself.  The  result  is  a  decrease  in  distance 
between  adjacent  particle  centers  and  an  overall  shrinkage  of  the  powder 
compact.  This  activation  process  may  prove  to  be  associated  with  the  fact 
that  group  VIII  transition  elements  dissolve  10-20?  tungsten  but  are  soluble 
in  tungsten  only  to  a  very  limited  extent  at  the  sintering  temperatures 
employed"  [27]. 

So  group  VIII  "metallic  activation"  initiated  enhanced  sintering  formally 
over  a  quarter  of  a  century  ago.  But  similar  to  simple  sintering  [333  this 
advanced  technology  also  generalizes  readily  [44]:  "Enhanced  sintering  refers 
to  any  special  process  aimed  at  improving  the  sintering  rate  of  a  powder 
compact. ..to  effectively  1  ower  ..  .temperature  ,  shorten  ..  .time  or 
improve ..  .properti es  [45].  Enhanced  sintering  has  had  its  greatest 
advancement  in  the  refractory  metals.  The  problems  associated  with 
understanding  conventional  sintering  studies  are  compounded  in  enhanced 
sintering  studies  by  the  presence  of  a  second  phase  or  supplemental  treatment 
[46-48]. .. .Enhancement  of  the  sintering  process  is  generally  relegated  to  one 
or  more  changes  in  the  fundamental  material  properties  resulting  from  special 
treatment  [49].  The  strongest  effects  are  those  associated  with  changes  in 
the  interfacial  properties ...  .As  can  be  imagined  any  change  in  material  under 
study  which  induces  an  enhanced  defect  concentration,  higher  atomic  mobility 
or  promotes  the  operation  of  new  mass  transport  processes  is  an  example  of 
enhanced  sintering. ..  .There  are  two  common  nonpressure  based  approaches  to 
sintering  enhancement  of  metal  powders,  'activated  sintering  and  liquid  phase 
sintering. .. .The  fundamental  difference  is  that  liquid  sintering  uses  a 
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wetting  liquid  which  flows  between  particles  while  activated  sintering  relies 
on  a  high  diffusivity  solid  phase  segregated  to  grain  boundaries." 

What  processes  and  properties  characterize  activated  and  liquid-phase 
sintering?  Utilizing  a  "wetting  liquid"  subtends  cavities  and  extends 
contacts  between  particles:  Such  bridging  and  broadening  short-circuit 
previously  circuitous  diffusion  paths  accelerating  1  nter parti cul at e  mass 
transport  which  increases  sintering  rates  and  densities.  But  substantial 
volune  fractions  of  intergranular  materials  with  relatively  low  melting  points 
and  probably  comparatively  high  vapor  pressures  often  obtrude  other  processing 
and  property  problems  on  the  sintered  product. 

In  contrast  to  the  preceding  simplistic  modelling  of  liquid-phase 
sintering,  postulates  for  the  activated  version  initiate  in  the  electronic 
subshells  of  the  transition-metal  additives:  The  most  effective  sintering 
activators  for  W  and  Mo  according  to  an  electron- concentration  theory  advanced 
by  Samsonov  et  alii  are  far-right  group-VIII  elements  [50-52].  These  are  the 
transition  metals  with  high  d-shell  nunbers  such  as  Ni  (3d®),  Rh(i4d®),  Pt(5d9) 
and  Pd(4d10). 

"The  addition  of  group  VIII  transition  metals  greatly  enhances 
densif ication  by  increasing  diffusion  of  base  material  through  the  activator- 
rich  area. ...It  is  believed  that  activated  and  liquid-phase  sintering  are 
kinetically  activated  processes  where  the  second  phase  alters  the  energy 
barrier  for  transport ...  .Several  criteria  are  recognized  for  a  segregated 
phase  to  act  as  a  sintering  activator.  First  and  foremost  the  additive  must 
reduce  the  activation  energy  for  diffusion  below  that  for  the  corresponding 
self-diffusion  case. .. .Second  the  additive  must  have  a  high  solubility  for  the 
base  metal. ...In  many  cases  of  activated  sintering  it  is  observed  that  the 
reverse  solubility  (the  solubility  of  the  additive  in  the  base  metal)  is 
low.... In  order  for  the  additive  to  provide  a  short-circuit  diffusion  path  it 
must  remain  segregated  at  the  grain  boundaries.  This  requires  that  the 
liquidus  and  solidus  temperatures  decrease  with  increasing  additive  [53]. 
Also  a  segregated  phase  is  preferred  which  does  not  lower  the  grain  boundary 
cohesive  energy.  Thus  we  require  a  small  atom  size,  large  sublimation  energy, 
inherently  ductile  additive  [5^-56]."  These  criteria  frcm  reference  57  also 
include  a  considerably  lower  melting  point  for  the  activator  than  for  the  base 
metal . 

Thus  although  activator,  base-metal  interactions  simplify  sintering  they 
complicate  modelling  and  interpretation  of  transport  mechanisms  compared  with 
those  for  simple  thermally  enhanced  diffusion  and  contraction. 


SOME  SUPERFICIAL  SINTERING  THEORY 

The  titular  double- entendre  refers  to  "densif ication  assumed  to  occur  by 
volume  diffusion  and  grain  growth  assumed  to  occur  by  pore  drag  controlled  by 
surface  diffusion...,  and  the  density  change  is  calculated  according  to  the 
intermediate  stage  sintering  model  [58]  proposed  by  Coble"[59].  Not 
surprisingly  the  densif  i  cat  i  on-rat  e  equation  from  this  study  of  "the 
application  of  Herring's  scaling  law  to  the  sintering  of  powders”  essentially 
duplicates  that  for  activated  sintering  [60]:  "The  densif ication  rate  of  the 
compact  is  proportional  to  the  vacancy  flux,  diffusion  area,  vacancy  volune 
and  pore  density.  After  evaluating  each  term  (sic)  and  assuming  a  bulk 
diffusion  process  the  densif Ication  rate  is  given  by 
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where  D  Is  the  diffusion  coefficient,  B  is  a  collection  of  material  and 
geometric  constants,  k  is  Boltzmann’s  constant,  G  is  the  grain  size 
(G*-Gj+Mt«Mt  -  (grain- boundary  mobility)x(time)  for  a  porous  compact  [58,61]) 
and  T  is  temperature.  This  form  is  applicable  to  activated  sintering  where 
grain  boundaries  rich  in  activator  provide  a  rapid  heterodiffusion  path  [62]." 

"The  rate  of  sintering  is  viewed  as  dependent  on  several  factors.  For 
simplicity  a  model  of  pore  elimination  is  given  as  [63] 


ryy.ir  t 


where  e  -  porosity,  t-time,  g  »  a  collection  of  geometric  and  material 
constants,  Q  -  activation  energy,  R  ■  gas  constant,  T  -  absolute  temprature,  G 
-  grain  size,  Y  «  surface  energy  (sic,  force/length  or  pressure  x  length),  r  = 
pore  size  and  P  -  effective  pressure.  In  hot  pressing  the  effective  pressure 
is  large  and  dominates  the  rate  of  pore  elimination.  In  liquid  phase  sintering 
the  surface  energy  of  the  wetting  liquid  dominates  sintering.  However  in 
solid-state  sintering  the  activation  energy  and  small  grain  size  both  promote 
sintering  densif ication"  [64]. 

In  view  of  the  predominance  of  intermediate- temperature  grain- boundary 
diffusion  in  sintering,  similarities  are  not  surprising  between  equations  (1), 
(2)  and  the  expression  for  Coble  creep  [3.65]: 

C  b-o  D  B 

;  ^  V  '*P[-VRT]  ■  (3> 


Here  e  is  the  steady-state  strain  rate;  C  ,  a  morphochemophysi cal  constant;  o, 
applied  stress;  d,  grain  size;  D.  ,  a  frequency  factor;  and  Q  ,  the  diffusion- 
activation  energy.  In  fact  Coblewas  studying  sintering  mechanisms  in  alumina 
when  he  recognized  that  at  relatively  low  temperatures  creep  depends  primarily 
on  rapid  gr ai n- boundary  diffusion  --  rather  than  on  much  slower  lattice 
diffusion  through  much  greater  cross-sections.  These  aspects  of  diffusion  as 
well  as  continual  references  to  grain  sizes,  surfaces  and  growth  problems  in 
sintering  also  stress  its  similitude  to  the  "formation  and  migration  of  large- 
angle  grain  boundaries"  ["Recrystallization"  from  5:Appendix]. 

Thus  although  part  cle  extension  and  segregation  ideally  characterize 
liquid-phase  and  acti/ated  sintering  the  uncontrolled  or  improperly  directed 
interactions  of  these  phenomena  produce  some  undesirable  properties  [3.5,9,25- 
27,5^,56,66-76].  As  the  preceding  referential  citations  indicate  much 
information  exists  on  grain-boundary-migration  effects  in  general  and  on  their 
sintering  implications  in  particular.  Of  course  these  mechanisms  also 
heighten  segregation  of  inter  parti  cul  ate  impurities  through  "dragging"  forces, 
Interfacial  surface  reduction  and  accelerated  diffuslonal  approaches  to 
chemical  equilibria.  Perhaps  this  last  category  provides  the  best  beginning 
for  some  simplified  segregation  theory. 
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Segregating  elements  encounter  greater  heterogeneity  intergr  anul  arl  y  than 
intragranularly .  But  even  within  the  crystalline  grains  homogeneity  suffers-- 
particuarly  in  the  several  atomic  layers  forming  the  surface  and  immediate 
substrata  [9,25,27,55,56,60,71  ,7*0. 

Thus  simplification  is  essential  in  initiation  of  a  theoretical 

description  of  n  and  n,_  solute  atom  with  energies  E  and  Ew  when  randomly 
c  b  c  b  J 

distributed  among  P  ana  Pw  crystallite  and  boundary  sites  (n  +  n.  = 
°  c  b  J  c  b 

constant).  Then  the  total  solute-atom  free  energy  G  comprises  tne  sum  of 

n  E  and  n  E  minus  kT  times  the  natural  logarithm  of  the  entropy  for  the 

solute-ataft  Bonf iguration: 


p  !  p  ! 

n  E  +  n  E  -  kT  In  - r~, - rr-7 - rr 

cc  pp  nc'.nb!  (pc-nc)!  (pb-nb)! 


Subsequent  differentiation  with  respect  to  nb  yields  a  minimum  where  the 
gr ai n- boundary  equivalent  of  the  Langmuir  free-surface  adsorption  equation 
obtains  [28,7*1-86]: 


s 

xb_xb 


/-Ain  D 

eXp(’RT)  °r  T 


xcexp(-AG/RT) 

1+X  [exp(-AG/RT )-1 ' 
c 


where  x's  are  atomic  fractions  and  s  denotes  saturation.  For  dilute  solutions 

x  ■»  0  and 
c 


D  f-Ab-1  0 

—  *  XC  ^Xp  ~ RT  or  - 

xb  xb  xb 


xcexp(-AG/RT ) 
1+xc  exp(-AG/RT) 


—  -  [l  +  {x  exp(-AG/RT)}-1 ]_1 
s  c 


This  expression  equals  the  dilute-solution  equation  for  the  solid-state 
version  [81]  of  the  BET  gas-adsorption  theory  with  segregation-site-number 
simplification  [87,88]  as  w|ll  as  a  general  mass-^ct^on  equation  [79]. 

As  an  equality  (x  -  x®[l  +  { xcexp( -AG/RT ) }  ]  ]  equation  6  stands  on  a 

substantial  base  of  empiri cal  support  [85].  Of  course  more  complex 
segregation  theories  exist  [81 —89 ] -  But  considerable  theoretic  simplification 
appears  possible  for  dilute- solution  W  alloys  advocated  here  and  in  [1]. 
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PHASE-DIAGRAM  CONSIDERATIONS  FOR  ACTIVATED  SINTERING  OF  TUNGSTEN 

Boundary-layer  segregation  stressed  in  the  preceding  section  is  one  of 
several  important  interactions  and  properties  in  the  "enhanced  sintering"  of 
W:  Activator  d-electron  numbers,  solubility  relationships  and  melting  points 
require  attention  also. 

Comparisons  of  such  integrated  effects  resulted  fifteen  years  ago  from 
studies  of  "the  influence  of  additions  of  transition  metals  on  the  sintering 
behavior  of  tungsten"  directed  by  the  famous  Soviet  materials  expert  Samsonov 
[51]: 

The  influence  of  additions  of  transition  metals  (Ti,  Hf,  Nb, 

Ta,  Cr,  Re,  Fe,  Co,  Ni,  Ru,  Rh,  Pd,  Os,  Ir,  Pt)  in 
concentrations  of  0.05  to  1.0  wt.J  on  the  sintering  behavior 
of  tungsten  in  the  temperature  range  between  1000  and  2000°C 
and  on  its  properties  was  studied.  It  was  found  that 
titaniun,  hafniun,  niobium  and  tantalum  retard  the  sintering 
process;  chromium  and  the  metals  of  the  eighth  group  promote 
sintering  with  the  exception  of  osmium  which  does  not  exert 
any  influence  in  either  direction.  The  influence  of 
transition  metal  additions  on  the  sintering  behaviour  of 
tungsten  may  be  explained  with  an  electron  exchange  between 
the  alloy  components.  With  an  increase  of  the  stable  d-bonds 
in  the  system  the  free  energy  is  lowered.  The  sintering 
process  is  activated.  The  sintering  is  accelerated  by 
alloying  additions  for  which  tungsten  acts  as  an  electron 
donor . 

Many  subsequent  publications  discuss  these  aspects  of  activated  sintering  in 
greater  theoretical  detail  with  more  specific  experimental  support 
[44,45,57, 59-62,66-76,90]. 

These  considerations  pertain  not  only  to  processing  ease  and 
effectiveness  but  also  to  "the  alloy  efficacy  of  several  percent  Re,  the  order 
of  one  percent  0s  or  a  few  tenths  percent  of  Ir  dissolved  in  W"  mentioned  in 
the  introductory  section  [1].  Ir  appears  to  qualify  for  both  activated 
sintering  and  improved  alloying  of  W.  Superimposing  activation  requirements 
on  the  Ir,  W  phase  diagram  supports  this  observation: 
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So  the  basic  Ir,  W  alloy  phase  diagram  presents  a  promising  picture:  Ir  with 
its  5d7  electrons,  slight  solubility  in  W,  intermediate  solubility  for  W  and 
-1000°C  lower  melting  point  than  W  is  a  good  prospect  for  sintering  activation 
[51].  Furthermore  Ir  even  increases  the  ultralloy  capabilities  of  W. 

As  previously  stated  W  is  the  ultimate  refractory  metal  for  space 
applications:  It  offers  the  highest  metallic  melting  point,  the  highest 

recrystallization  temperature,  the  highest  self-diffusion  activation  energies, 
partially  covalent  bonding,  the  lowest  vapor  pressure ..  .and  great  high- 
temperature  strength.  Sane  point  to  the  high  W  density  as  a  detriment.  But 
its  great  strengths  enable  W  to  meet  stress  requirements  at  high  temperatures 
with  much  less  weight  than  its  competitors.  Over  and  above  all  of  this  a  few 
tenths  percent  of  Ir  raises  the  recrystallization  temperature  of  W,  reduces 
its  grain  size,  increases  its  creep  strength  and  improves  its  ductility 
considerably. 

In  addition  to  Ir  solution  effects  HfC  precipitation  strengthening  and 
Th02  dispersion  strengthening  separately  are  well  known.  They  too  increase  W 
and  W-alloy  recrystallization  temperatures  and  ductility  as  well  as  strength. 
And  their  synergistic  effects  warrant  intensive  investigation.  But  the  use  of 
pure  Th  and/or  Hf  to  convert  deleterious  segregated  0  and  C  in  W  alloys  into 
productive  separate  phases  "preferentially  nucleated  at  dislocations,  grain 
boundaries  or  interphase  interfaces"  requires  immediate  attention  [1-6]. 

In  powdered  metallurgical  methods  very  small  quantities  of  comparatively 
low-melting  (1960K)  Th  and/or  Hf  (2400K)  might  also  serve  to  reactively 
initiate  Ir-activated  sintering  of  W  powders  at  greatly  reduced  temperatures. 
During  the  presintering  process  the  Th  and/or  Hf  films  would  spread  over  the  W 
particle  surfaces  encrusted  with  compounds  of  segregated  0  and  C  because  of 
their  great  affinities  for  these  interstitials  figures  1  to  3,  Table  1  and  [1- 
6].  And  for  the  same  reason  of  course  the  distributed  Th  and/or  Hf  would 
getter  these  embrittling  superficial  impurities  and  deposit  them  as  very- 
refractory  separate- phase  particles  "preferentially  nucleated  at  dislocations, 
grain  boundaries  or  interphase  interfaces."  Simultaneously,  "gettering" 
grain-boundary-segregated  and  reacted  0  and  C  from  the  W  particles  would 
liberate  W  metal  from  superficial  oxide  and  carbide  compounds,  increase  its 
availability  to  the  Ir  activator,  hence  accelerate  intergranular  transport  and 
thereby  enhance  its  propensities  to  sinter.  But  the  resulting  very  refractory 
Th  and/or  Hf  oxide  and  carbide  particles  should  also  strongly  inhibit 
undesirable  grain-growth  and  creep  tendencies. 

These  mechanisms  are  of  course  not  those  proposed  for  conventional 
chemically  activated  sintering  postulated  for  the  simple  model  of  a  pure 
activator  (Nl,  Pd,  Pt...)  interacting  predominantly  intergranularly  with  pure- 
refractory-metal  particles  [45,64,73-76].  Based  on  this  practically 
unattainable  idealization  "the  electron  concentration  concept  predicts  the 
transition  metals  with  nearly  complete  d  electron  subshells  (i.e.,  Ni,  Pd  and 
Pt  (8,  10  and  9  electrons  out  of  10  maximally))  to  be  better  sintering 
activators"  [52,64,91].  Mechanistically  "acti vated  sintering  of  refractory 
metals  with  certain  transition  metal  additives  occurs  because  the  additive 
lowers  the  energy  barrier  for  refractory  atom  transport.  The  lower  activation 
energy  results  in  increased  diffusion  of  the  refractory  metal  through  the 
additive.  The  additive  remains  segregated  at  the  particle-particle  contact 
points  because  of  the  unipolar  solubility  relationship.  That  is  the 
refractory  metal  is  soluble  in  the  additive,  but  the  additive  is  relatively 
insoluble  in  the  refractory  metal.  The  segregated  lower  melting  additive 
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provides  a  rapid  short-circuit  mass  transport  path  throughout  the  sintering 
process"  [60]. 

This  isolated  idealized  refractory-metal,  activator-metal  relationship 
certainly  simplifies  theoretic  considerations  and  provides  heuristic  value. 
But  W  powder  used  in  supporting  experiments  contained  73  ppm  C,  180  ppm  N  and 
2090  ppm  0  [91];  a  later  Mo  powder  contained  18  ppm  C  and  1258  ppm  0.  For 
such  impurities  extreme  grain- boundary  segregation  is  probable  as  discussed  in 
reference  3.  Also  there  the  "strong  influences  of  fractions  of  an  atomic 
percent"  of  additives,  impurities  and  reaction  products  on 
thermophysi cochemi cal  properties  of  refractory  alloys  received  brief  but 
emphatic  attention  [1-6,56,76,83,85]. 

Apparently  segregated  impurities  and  microalloying  agents  deserve  if  not 
demand  at  least  as  much  attention  as  pure  refractory-metal,  activator-metal 
combinations.  In  fact  P,  S,  Cu  and  even  Ni  "segregation  to  interphase 
boundaries  in  liquid-phase  sintered  tungsten  alloys"  not  only  affect  the 
sintering  process  impressively  but  also  weaken  the  resulting  W,  Ni,  Cu  and  W, 
Ni,  Fe  compactions  [76].  So  although  Th  and/or  Hf  fail  to  meet  the  idealized 
pure-metal  requirements  of  "nearly  complete  d  electron  subshells"  (two  d 
electrons  each)  and  "of  the  unipolar  solubility  relationship,"  they  offer 
solutions  to  some  very  practical  problems:  They  getter  the  boundary 
segregated  reacted  0,  C  and  other  impurities  that  separate  the  nearly  pure 
refractory  metal  from  any  activator  metal.  And  they  provide  interf acially 
dispersed  stable  refractory-compound  precipitates. 

Amounts  of  segregated  0  and  C  to  react  with  appropriately  adjusted 
quantities  of  Th  and/or  Hf  might  be  varied  in  original  melt  compositions  [25] 
or  by  chemisorption  on  particles  prior  to  sintering  [92,93].  Suitable  levels 
for  truly  efficient  dispersion  improvements  are  usually  fractions  of  an  atomic 
percent.  Th  and/or  Hf  reaction  with  0  and  C  at  very  low  concentrations  in 
W-alloy  melts  with  subsequent  precipitation  is  also  a  possibility.  But  of 
course  the  much  higher  vaporization  tendencies  of  the  microalloying  agents 
compared  with  those  of  W  present  a  problem.  Finally  if  these  localized 
reaction  techniques  fall  short  of  optimum  Th02  and  HfC  requirements  for  W 
ultralloys,  conventional  addition  methods  can  make  up  the  differences. 
However  such  adjustments  add  to  improvements  already  effected  by  gettering 
deleterious  impurities  and  strategically  dispersing  them  through  micro¬ 
alloying  with  Th  and/or  Hf. 

Thus  compared  with  relatively  inefficient  random  dispersion  methods  the 
preceding  highly  specific  approach  to  removing  a  problem  and  replacing  it  with 
an  asset  —  at  the  desired  location  —  deserves  further  investigation.  This 
is  particularly  true  when  the  solution  promises  not  only  decreased  creep  but 
also  greater  ductility  and  recrystallization  resistance  as  well  as  improved 
powder- metallurgy  processing. 

But  additional  advantages  for  W  sintered  by  Ir  activation  with  Th  and/or 
Hf  getters  accrue  upon  further  phase-diagram  examination: 
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(F.  SHUNK:  CONSTITUTION  OF  BINARY  ALLOYS,  MCGRAW-HILL,  1969) 
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FIGURE  5:  IRIDIUM,  THORIUM  PHASE  DIAGRAM 

For  example  -10  and  ~^3a/o  additions  of  Th  to  Ir  produce  eutectics  (Ir,  Thlr5 
and  ThI r2,  Thlr  respectively)  melting  at  -151<0oC  compared  with  2378°C  for  Ir 
alone  (Figure  H) ,  Probably  of  less  interest  are  the  predominantly  Th 
eutectics  at  ~35a/o  Ir  ( -1  i460°C )  and  -15a/o  Ir  ( -1  3H0°C ) .  But  the  low  melting 
points  are  attractive:  Recall  that  processing  with  a  "liquid  phase"  is  one 

form  of  "enhanced  sintering,"  So  very  low  (eutectic)  melting  points  are 
interesting  particularly  when  they  characterize  mixtures  of  sintering 
activators  with  smaller  fractions  of  strong  interstitial-impurity  getters. 


(F.  SHUNK:  CONSTITUTION  OF  BINARY  ALLOYS,  MCGRAW-HILL,  1969) 
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FIGURE  6:  IRIDIUM,  HAFNIUM  PHASE  DIAGRAM 


Adding  ~38a/o  Hf  to  Ir  results  in  eutectic  (Hflr»,  Hflr)  melting  at  -2080°C — 
considerably  higher  than  -1 5i40°C  for  ~H3a/o  Th  in  Ir.  Similar  to  the  Th, 
-1 5a/ o  Ir(  -1 3^0°C )  eutectic  however  Hf,  ~17a/o  Ir(-1»J30oC)  offers  a 

considerable  melting-point  reduction  at  the  expense  of  Ir  concentration 
diminution. 

Perhaps  the  Ir,  Hf,  Th  combination  offers  predominantly  Ir  alloys  with 
very  low  melting  points.  As  Figures  5  and  6  reveal  the  Ir,  Hf  and  Ir,  Th 
systems  exhibit  an  important  mutual  characteristic:  Both  phase  diagrams 
display  eutectics  at  somewhat  higher  Ir  concentrations  than  those  for  their 
equiatomic  intermetallic  compounds  (IrHf  and  IrTh).  In  fact  these  two 
eutectics  occur  close  to  60a/o  Ir  (Ir,  ~38a/o  Hf  and  Ir,  ~H3a/o  Th)  as 
previously  noted.  Thus,  interpolative  Ir,Hf,Th  predictions  should  include 
these  eutectic  tendencies  just  to  the  low  Hf,Th  side  of  50a/o  Ir  —  at  about 
60a/o  Ir.  Unfortunately  the  Ir,  Hf,  Th  phase  diagram  appears  to  be 
unavailable  to  verify  this  estimate.  Only  the  two  binary  Ir-mixture  limits, 
the  Ir,  Hf  and  Ir,  Th  phase  diagrams,  are  available  —  as  well  as  the  third 
boundary  manifested  as  the  Th,  Hf  phase  diagram: 


(R.  ELLIOTT:  CONSTITUTION  OF  BINARY  ALLOYS,  MCOTAW-HILL,  1965) 
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FIGURE  7:  THORIUM,  HAFNIUM  PHASE  DIAGRAM 


However  ~32a/o  Hf  in  Th  yields  a  eutectic  with  the  impressive  melting  point  of 
-1H50°C.  At  this  temperature  the  vapor  pressure  of  the  Th,  Hf  mixture  should 
be  of  the  order  of  10  to rr.  And  additions  to  Ir  of  Th,  Hf  compositions  near 
their  eutectic  should  yield  eutectics  between  those  for  Ir,  Th  and  Ir,  Hf  — 
for  example  Ir,  -27a/o  Th,  -13a/oHf  (melting  near  150C  or  1600°C)  or  the 
possibly  interesting  Th,  -28a/o  Hf,  -l6a/o  Ir  (melting  near  1H00°C). 

In  any  event  the  Th,  Hf  gettering  combination  greatly  reduces  the 
effective  melting  temperature  of  the  Ir  activator  while  it  considerably 
improves  activation  access  to  the  W  base  metal.  These  are  certainly  very 
interesting  inferences  from  the  phase-diagram  considerations  for  activated 
sintering  of  W. 
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SINTERING  AND  STRENGTHENING  W  WITH  AN  IR,  TH,  HF  ACTIVATOR,  GETTER  EUTECTIC 

W  sintered  and  strengthened  through  gettering  and  activating  mechanisms 
of  Th,  Hf,  Ir  eutectics,  as  indicated  in  the  preceding  section,  offers  a 
spectrum  of  prototypic  dilute- solution  ultralloys. 

The  postulated  processes  Involve  utilization  of  the  order-of-1?  probable 
ternary  eutectic  melting  near  1500  or  1  600°C  and  comprising  -60a/o  Ir  with 
-40a/o  of  the  -2-to-1  Th-to-Hf  binary  eutectic  added  to  W  powder  to  produce  an 
extremely  interesting  sintered  alloy:  The  segregated  Ir,  -27a/o  Th,  13a/o  Hf 
eutectic  should  initiate  liquid-phase  sintering  about  500°C  above  conventional 
W  presintering  temperatures  (1000  to  1200°C).  Then  the  activator,  getter 
fluid  should  spread  over  the  W-powder  surfaces  readily  because  of  the  strong 
affinities  of  Th  and  Hf  for  the  interstitial  impurities  in  compound 
segregation  at  and  near  the  boundaries  of  the  W  grains.  Gettering  of  those 
interstitial  impurities  in  particle  surfaces  and  substrates  by  Th  and  Hf 
should  liberate  combined  W  making  it  available  to  Ir-activated  diffusion  and 
sintering. 

This  process  will  remove  elemental  Th  and  Hf  frcm  the  activator,  getter 
eutectic  as  highly  stable-refractory  i  nt  er  s  t  i  ti  al- impur  i  ty  compounds 
strategically  distributed  intergranularly.  Such  ceramic  dispersoids  between  W 
powder  particles  and  crystallites  inhibit  grain  growth  and  suppress  cavity 
nucleation  as  discussed  previously  [here  and  1-3].  During  the  coefficient 
intergranular  particulate  formation  and  superficial  W  liberation  through 
interstitial-impurity  gettering  the  reaction-ranoval  of  Th  and  Hf  metals  from 
the  activator,  getter  eutectic  will  drive  the  Ir,  Th,  Hf  liquid  melting  point 
upward  abruptly.  Raising  the  sintering  temperature  accordingly  will 
compensate  this  effect.  And  with  these  processes  the  Ir  activation  of  W 
sintering  will  become  more  and  more  effective.  But  concomitantly  a  W 
ultralloy  containing  small  amounts  of  Ir  and  Th02  (as  well  as  HfC...)  will 
evolve  —  similar  to  "the  most  ductile  alloys"  found  in  the  "Development  of  a 
Ductile  Tungsten  Sheet  Alloy"  Cl, 94 * 953 -  "Furthermore  these  ternary  additions 
were  found  to  increase  the  recrystallization  temperature  and  decrease 
recrystallized  grain  size." 

Thus  sintering  W  with  low  concentrations  of  an  Ir,  Th,  Hf  activator, 
getter  eutectic  should  improve  not  only  processing  and  quality  control  hut 
also  ductility  and  recrystallization  resistance.  The  strengthening  aspect  of 
the  resulting  W,  Ir,  Th02,  HfC...  alloys  comprises  preceding  discussions  [here 
and  1-3].  And  all  this  improvement  potential  is  subject  to  the  simplified 
guidance,  observation  and  interpretation  of  di  1  ut e-sol ut i on  ref ractory- alloy 
research  which  will  ultimately  lead  to  space- ultralloy  prototypes. 
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APPENDIX 


1.1)  RECRYSTALLIZATION 

Because  recrystallization  implications  pervade  material  problems  for 
hi gh- temperature ,  high-power  space  energy-conversion  systems,  further 
amplification  of  its  signals  seems  apropos:  The  technological  Jargon  for 
recrystallization  has  evolved  through  several  levels  of  understanding  to  the 
point  where  misinterpretation  is  not  only  possible  but  also  probable. 
Primary  recrystallization  includes  nucleation  and  primary  growth  which 
smears  into  normal  grain  growth  which  can  occur  with  discontinuous  or 
secondary  recrystal  11 zat i on  which  sometimes  continues  as  tertiary 
recrystallization  when  mean  size  attains  bulk  dimensions.  Thus  "formation 
and  migration  of  large-angle  boundaries"  seems  a  more  appropriate  definition 
because  "some  recrystallization  processes  occur  without  nucleation"  (ref. 
A3).  However  convenience  and  consensus  push  steadily  toward  the  use  of 
"recrystallization"  to  cover  the  gamut.  For  greater  specificity  the 
numbered  descriptions  of  Table  9  offer  reasonable  alternatives  for 
differentiating  levels  of  recrystallization. 

In  any  event  crystalline  equilibrium  obtains  practically  at  the  center 
of  a  huge  pure  flawless  single  crystal.  In  contrast  common 
thermodynamically  unstable  lattice  states  derive  from  chemical  impurities 
and  physical  imperfections  such  as  point  defects,  dislocations,  grain 


TABLE  9 

RECRYSTALLIZATION 


boundaries  and  external  surfaces.  Diminishing,  ultimately  eliminating  these 
instabilities  reduces  total  free  energy  —  driving  recrystallization  and  its 


" zone- ref ini ng"  proclivities  toward  the  huge  pure  flawless  single  crystal. 

Grain-growth  velocity  equals  the  product  of  the  boundary  mobility  and 
the  resultant  driving  force.  In  the  usual  example  cold  work  produces  a 
driving  force  equivalent  to  the  free-energy-densi ty  difference  across  the 
intergranular  region  which  is  proportional  to  the  imperfection-density 
difference  across  the  migrating  boundary.  A  variety  of  driving  forces 
appears  in  Table  10  (A  and  B). 

As  Table  6  implies  dragging  forces,  which  oppose  grain-boundary 
migration,  arise  from  solute  atoms,  precipitants ,  dispersed  particles, 
surface  grooves....  Concentration  of  such  drag  configurations  often 
produces  grain-boundary  pinning.  An  inverse  drag  coefficient  can  be 
considered  a  specific  mobility  which  characterizes  boundary  migration  for 
each  driving  force.  Mobilities  are  simple  in  concept  but  complicated  in 
evaluation  —  often  occurring  as  complex  functions  grain-boundary  velocity. 
In  actuality  appropriate  mobility  summations  correspond  to  resultants  for 
driving  and  dragging  forces. 

Reference  47  describes  grain-boundary  migration  as  an  evolution  of  the 
reaction-rate  theory,  presented  for  a  rather  pertinent  model  in  Table  11. 
On  this  theoretic  basis  references  43,  4?  and  many  others  contributed  to  the 
development  of  exemplary  boundary-migration  expressions  given  in  Tables  12 
through  15  and  illustrated  by  Figure  1.  These  equations  differ  only  in  the 
initial  factor  which  oversimplifies  the  definition  and  separability  of 
grain-boundary-migration  mechanisms.  But  their  heuristic  value  is 
undebatable. 
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MASTELLER  AND  BAUER:  RECRYSTALLIZATION  OF  METALLIC 
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TABLE  11 

SIMPLIFIED  REACTION-RATE  THEORY 


TABLE  12 

RECRYSTALLIZATION 
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TABLE  13 

RECRYSTALLIZATION 

CRYSTAL-STEP  MODEL  FOR  GRAIN  BOUNDARY  MIGRATION 


TABLE  14 

RECRYSTALLIZATION 


Still  further  simplifications  for  grain  growth  in  much  more  complex 
two-phase  systems  appear  as  radius,  time  relationships  with  effective 
coefficients  for  various  diffusion  types  in  Tables  t6  and  17.  Effects  of 
dispersed  particles  on  grain-growth  control  through  pinning  manifest  quite 
simply  in  the  equation  of  Table  17. 

Many  of  the  recrystallization  mechanisms  touched  only  as  tops  of  the 
complex  scientific  topography  of  this  important  technology  submit  to 
description  by  thermal  rules  of  thumb.  Such  a  mechanistic  listing  comprises 
the  temperature  resolution  given  in  Table  18.  Most  of  these  approximate 
thermal  boundaries  have  been  encountered  by  those  who  work  with  high- 
temperature  alloys.  Recognition  of  these  transitions  emphasizes  that  direct 
and  side  effects  of  recrystallization  exert  abstruse  influences  on  strength, 
creep,  compatibility. . .and  ductility  of  refractory  alloys.  And  those 
properties  are  major  considerations  in  ultrathermal  alloy  applications. 

But  ductility  and  recrystallization  are  often  critical  parameters  in 
the  capability  of  ultralloys  to  adapt  themselves  and  ceramics  to  fabrication 
and  service  requirements.  Thus  a  better  understanding  of  refractory-alloy 
recrystallization  is  a  crucially  essential  part  of  overcoming  the  material 
problems  for  high-temperature,  high-power  space  energy- conversion  systems. 
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ABSTRACT 


In  this  work,  sintered  tungsten  rhenium  alloys  were 
studied  and  their  effective  work  function  has  been 
determined.  A  thermionic  emission  microscope  was  used  to 
perform  the  above  task.  The  alloys  were  tungsten  base  with 
37.Re,  1 0'/.Re ,  257.Re,  and  30V.Re. 

The  study  was  done  at  high  sample  temperatures  on  the 

-9 

order  of  2000K  and  at  a  high  vacuum  in  the  10  torr  range. 
The  experimental  error  was  calculated  to  be  +0.04eV  based 
on  the  accuracy  of  the  electrometer  and  the  optical 
pyrometer . 

It  was  observed  that  the  alloying  element,  rhenium, 
increased  the  effective  work  function  of  tungsten  at  low 
and  high  concentrations,  exhibiting  a  minimum  at  107.  Re. 
The  effective  work  function  of  the  sintered  samples 
increased  with  increasing  temperatures. 

Determining  the  effect  of  the  alloying  elements  on  the 
base  metal  with  respect  to  its  emission  properties  can 
contribute  largely  tQ  the  fabrication  of  superior  electrode 
materials  used  in  thermionic  energy  converters. 
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Chapter  1 


INTRODUCTION 

Thermionic  emission  microscopy  is  a  unique  technique 
that  can  be  employed  -for  a  wide  array  of  appl  ications.  Some 
research  areas  that  are  suited  to  this  technique  are 
thermionic  energy  conversion,  phase  transformations,  grain 
growth  and  recrystal  1  i zat i on ,  to  mention  just  a  -few.  In 
this  work,  the  thermionic  emission  microscope  (Figure  1.1) 
was  used  to  measure  the  electron  emission  -from  cathode 
surfaces  -for  work  -function  determination. 

This  technique  preceded  other  -forms  of  electron 
microscopy  with  the  first  microscope  built  in  1932.  It  has 
several  characteristics  which  are  somewhat  unusual  when 
compared  with  similar  electron  microscopy  techniques. 
Thermionic  emission  microscopy  uses  the  specimen  as  the 
source  of  electrons  rather  than  an  electron  gun.  Its 
magnification  bridges  between  optical  microscopy  and 
conventional  types  of  electron  microscopy,  and  it  is 
applicable  for  high  temperature  analysis.  Finally,  a  bulk 
specimen  is  used  in  this  case  rather  than  a  thin  film  or  a 
pointed  wire.  The  sintered  tungsten  rhenium  alloys  tested, 
represent  the  first  stage  in  a  quest  for  high  temperature 
materials  that  would  be  used  as  electrodes  in  thermionic 


energy  converters. 


Thermionic  energy  conversion  is  a  method  o-f  converting 
heat  into  electricity  without  any  intermediate  steps.  Some 
advantages  o-f  the  thermionic  energy  converter  are: 

1.  Absence  o-f  moving  parts;  therefore  more  stable. 

2.  High  heat  rejection  temperature;  hence  suited  -for 
space  applications  where  heat  is  rejected  solely 
by  radiation. 


3.  High  temperature 

operation; 

consequentl y 

its 

possible 

use  as 

a  topping 

cycle  in 

power 

gener ati ng 

plants 

where  it  can 

utilize  the 

h  i  gh 

temperature  in  the  combustion  chambers. 

4.  Small  weight  per  unit  power  output. 

In  order  to  build  a  reliable  thermionic  energy 
converter  for  long  term  operation  and  with  high  conversion 
efficiency,  the  electrode  materials  have  to  be  very 
carefully  chosen. 

Some  basic  characteri sties  for  good  emitter  materials 

are: 

1.  High  electron  emission  (i.e.,  low  work  function). 

2.  Low  rate  of  deteri or at i on  and  material  emission  to 
achieve  long  life  and  to  minimize  the  deposition 
of  the  emitter  material  on  the  collector. 

3.  Low  emissivity  to  reduce  heat  transfer  by 
radiation  from  the  emitter. 


4. 


High  temperature  operation  capabi 1 ities. 


Pure  tungsten,  the  most  refractory  metal,  is  an 

excellent  candidate  for  the  emitter  material  except  that  it 

is  very  brittle,  therefore  difficult  to  fabricates  and  it 

begins  to  recrystallize  below  407.  of  its  melting  point 

which  makes  manufacturing  a  difficult  task.  However,  when 

rhenium  is  added  to  tungsten,  it  increases  the  ductility, 

increases  the  recrystal  1  i z ati on  temperature  (up  to  about  37. 

rhenium  and  it  stays  about  the  same  with  any  further 

addition)  and  gives  greater  creep  resistance. 

Four  sintered  tungsten  base  alloys  with  37.,  107.,  257., 

and  307.  rhenium  were  fabricated  for  analysis.  The  main 

task  was  to  determine  the  correlation  between  the  effective 

work  function  and  both  sample  composition  and  temperature. 

Some  characteristics  of  interest  of  tungsten  and  rhenium 

are  their  melting  points  of  3640K  and  3450K  respectively; 

-\Z 

and  their  vapor  pressures  at  2000k  of  4x1 1>  torr  and 

-10 

1x10  torr,  respectively. 

The  addition  of  rhenium  should  enhance  the  bare  work 
function  of  tungsten.  This  assumption  is  based  on  the 
reported  values  of  the  bare  work  functions  of 
polycrystalline  tungsten  (4.5eV>  and  that  of 
polycrystalline  rhenium  (4.9eV).  Higher  bare  work, 
functions  result  in  lower  minimum  cesiated  work  functions. 
For  example,  the  minimum  cesiated  work  function  of 
polycrystalline  tungsten  is  1 . 6eV  and  that  of 
polycrystalline  rhenium  is  1.45eV. 


Chapter  2 


THERMIONIC  ELECTRON  EMISSION 


2.  1  Intr pduct i on 


The  phenomenon  of  thermionic  emission  is  the  emission 
of  electrons  and  other  charged  particles  from  a  metal 
surface  which  is  at  a  temperature  different  from  OK  and 
enclosed  in  a  rarefied  vapor  or  vacuum.  In  general  though, 
for  a  given  temperature,  metal  surfaces  enclosed  in  a 
vacuum  emit  primarily  electrons  and  a  negligible  amount  of 
other  particles  such  as  positive  ions. 

When  the  metal  is  in  equilibrium  with  the  rarefied 
vapor,  the  net  current  of  electrons  emitted  from  the 
surface  is  zero,  because  they  return  and  condense  on  the 
surface  from  which  they  were  emitted.  In  the  thermionic: 
emission  microscope,  however,  provisions  are  made  to 
collect  the  electrons,  so  voltages  along  the  microscope 
column  are  adjusted  in  such  a  fashion  that  the  electron 
saturation  current  is  obtained  at  the  collector. 


To  a  first  approximation  (Sommerfeld  gas 
approximation),  the  structure  of  the  metal  is  of  no 
consequence  when  considering  the  motion  of  the  electrons. 
At  a  given  temperature  T,  the  atoms  vibrate  about  their 


equilibrium  positions. 


average  number  of  free 
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F  <e)  = 


1  +  exp C (e-e^ ) /kt 1 

where  e^  is  the  Fermi  energy  and  k  is  Boltzmann’s  constant. 
At  absolute  zero,  all  quantum  levels  up  to  Fermi  level  are 
occupied  while  levels  at  energies  greater  than  Fermi  energy- 
are  unoccupied.  When  considering  the  potential  within  a 
metal,  one  can  assume  the  potential,  or  electron  motive, 
defined  as  a  scalar  quantity  whose  negative  gradient  at  any 
point  equals  the  force  exerted  on  an  electron  at  that 
point,  to  be  zero  while  the  electron  motive  just  outside 
the  metal  has  a  finite  value  eV.  As  was  already  mentioned, 
electrons  occupy  all  states  up  to  the  Fermi  level  at  OK, 
and  the  energy  required  to  lift  an  electron  from  the  Fermi 
level  to  infinity  is  the  work  function  (tf)  of  the  metal 
(Figure  2.1)  C5J.  Infinity,  in  this  case,  is  the  distance 
away  from  the  surface  of  the  metal  at  which  the  "image"  (+) 
charge  in  the  metal  left  from  the  electron  emission  has  no 
further  effect  upon  the  emitted  electron. 
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2.2  Work  Function 

The  work  -function  of  a  metal,  as  mentioned  in  the 

previous  section,  is  the  difference  between  the  Fermi 

energy  and  the  potential  energy  at  "infinity".  It  is  this 

amount  of  energy,  expressed  in  el ectron-Vol ts  (eV> ,  which 

must  be  supplied  to  the  electron  in  order  for  it  to  be 

emitted  from  the  metal.  In  most  cases,  three  categories  of 

work  functions  are  of  interest.  These  are  the  true  work 

function,  the  Richardson  work  function,  and  the  effective 

work  function.  In  this  work,  the  effective  work  function 

is  calculated  from  emission  measurements,  as  it  represents 

a  consistent  basis  of  information  that  can  be  obtained 

from  a  single  measurement  of  the  thermionic  emission. 

The  effective  work  function,  fie,  is  defined  as  the  work. 

function  obtained  by  the  direct  substitution  of  the 

temperature,  T,  and  emission  current  density,  Js,  into  the 

Richardson-Dushman  equation  with  the  constant.  A,  taken  to 
2.  2. 

be  120  Amp/cm  K  and  the  reflection  coefficient  assumed  to 
be  zero.  When  solving  for  the  work  function,  the 
Richardson-Dushman  equation  can  be  expressed  as 

fie  =  k.T  In  (AT^/Js) 
where  k  is  Boltzmann’s  constant. 


The  work  function  values  depend  on  crystallographic 


orientation  of  the  metal,  material  composition,  impurities, 
applied  external  fields  and  temperature. 

In  order  to  understand  the  meaning  of  that  one 
material  characteristic  called  work  function  and  why 
researchers  are  investing  so  much  time  and  effort  in  its 
determination,  one  has  to  understand  the  basic  operating 
principles  of  a  thermionic  energy  converter. 

2. 3  Thermionic  Energy  Converter 

The  thermionic  energy  converter  consists  of  two 
electrodes,  an  emitter  and  a  collector  enclosed  in  a  vacuum 
or  a  rarefied  vapor  (Figure  2.2)  [53.  The  work  function  of 
the  emitter  is  greater  than  that  of  the  collector  (Figure 
2.3)  C53  due  to  the  temperature  difference  between  the 
emitter  <»2000K)  and  the  collector  <s=1000K) . 

When  the  emitter  is  supplied  with  sufficient  energy 
from  a  high  temperature  source,  the  electrons  from  the  top 
of  the  Fermi  level  obtain  sufficient  energy  to  escape  from 
the  metal,  equal  to  the  work  function  of  the  material  plus 
some  additional  kinetic  energy.  Ideally,  these  electrons 
will  move  from  the  emitter  to  the  collector  giving  up 
little  or  no  energy  at  all.  Once  at  the  collector,  the 
electrons  give  up  their  kinetic  energy  plus  an  amount  of 
energy  that  is  equal  to  the  collector  work  function.  This 


energy  is  rejected  as  heat  from  the  collector  which  is  at  a 
lower  temperature  than  that  of  the  emitter.  This  brings 
the  emitted  electrons  to  the  Fermi  level  o-f  the  collector 
still  at  a  higher  energy  level  than  where  they  started  at 
the  emitter  Fermi  level.  It  is  this  potential  di-f-ference 
that  is  used  to  pass  the  electrons  through  an  external  load 
to  perform  work. 
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Effective  Work  Function  Calculation 


The  effective  work  function  is  calculated  from  the 
Ri chardson-Dushman  equation  given  in  Section  2.2  where  k 
and  A  are  known,  T  is  measured  by  optical  pyrometry  and  Js 
remains  to  be  determined. 

An  equation  for  Js  can  be  derived  from  the  analogy  to 
light  optics  starting  with  the  equation 

I  s 

Ii  =  --  CosB 
i2 

where  Ii  and  Is  are  the  radiant  fluxes  of  illuminance  from 
the  image  and  the  source  respectively,  1  is  the  distance 
between  the  source  and  the  image  and  0  is  the  angle  that  a 
ray  emitted  from  the  source  makes  with  the  perpendi cul ar  to 
the  image  plane.  In  the  case  of  the  thermionic  emission 
microscope  0  approaches  zero,  the  magnification,  M,  is 
approximately  equal  to  the  distance  from  the  lens  to  the 
screen,  as  the  cathode  is  very  close  to  the  objective 
lens,  and  radiant  intensity  is  analogous  to  current 
density.  The  first  order  equation  for  the  calculation  of 
saturation  current  density  is  therefore 

IM2- 

Js  - - 

Aa 

where  I  is  the  saturation  emission  current  and  Aa  i s  the 


area  of  the  screen  aperture. 


Chapter  3 


EXPERIMENTAL  APPARATUS 


3. 1  Introdact i on 

The  thermionic  emission  microscope  was  originally 
designed  at  Xerox,  El ectr o-Dpti cal  Systems  Division,  in 
1966.  Several  parts  were  redesigned  and  some  modifications 
were  made  in  order  to  increase  its  accuracy  and 
reliability.  The  microscope’s  main  body  is  non-magneti c , 
304  stainless  steel,  0.12  inches  thick.  Basic  dimensions 
are  approximately  20  inches  in  length  and  4.25  inches  I.D. 
All  microscope  components  were  -fabricated  from  materials 
that  are  capable  o-f  withstanding  high  temperatures  and  high 
vacuum  operation.  Copper  gasket  seals  were  used  on  all 
-flanges  and  the  view  port  seals  were  fused  metal -to-gl  ass . 

The  major  components  of  the  microscope  are  the  sample 
(cathode)  mounted  on  an  x,y  and  z  mechanism  with  a  drive 
accuracy  of  ±0.001  inches,  lens  element,  phosphor  screen 
and  collector  which  is  a  part  of  the  Faraday  cage  assembly. 
Figure  3.1  is  an  assembly  drawing  of  the  microscope  showing 
the  location  of  the  above  components. 

This  type  of  instrument  differs  from  other  similar 
devices  by  the  fact  that  it  does  not  use  an  external  source 
of  electrons  such  as  an  electron  gun,  but  rather  the  sample 
(cathode)  itself  emits  the  electrons. 


The  microscope  operates  in  conjunction  with  two  vacuum 
pumps,  an  optical  pyrometer,  several  power  supplies  and 
gauges  which  will  be  discussed  in  more  detail  in  the  next 


chapter . 

A  detailed  description  o-f  the  microscope’s 
components  -follows. 


ma  j  or 


TYPICAL  LENS  ELEMENT 


Figure  3. 1  -  Thermionic  Emission  Microscope  Assembly  and  Components 


3. 2  Emitter  Sample  (Cathode) 

A  sample  holder  was  designed  to  accommodate  the 
relatively  small  samples  (.375  inches  diameter).  The 
holder  consists  of  a  circular  molybdenum  plate  to  which  a 
tantalum  tube  was  press-fitted.  A  small  circular  rhenium 
plate  was  electron  beam  welded  to  the  tantalum  tube.  The 
sample  was  fitted  in  a  cavity  at  the  center  of  the  rhenium 
plate  and  locked  in  place  by  a  tungsten  rod.  A  notch 
formed  on  the  face  of  the  rhenium  plate  exposed  the 
hohlraum  for  sample  temperature  measurements. 

A  fixture  to  hold  a  counterwound  tungsten  filament  was 
connected  by  insulating  ceramics  to  the  molybdenum  plate. 
The  tungsten  filament  was  located  inside  the  tantalum  tube 
directly  behind  the  sample. 

Electrical  connections  were  provided  to  the  tungsten 
filament  and  molybdenum  plate  for  sample  heating.  The 
molybdenum  plate  was  bolted  to  the  x,y  and  z  mechanism. 
This  mechanism  was  used  to  scan  the  sample’s  surface  and  to 
focus  and  measure  magnification.  Figure  3.2  shows  the 


emitter  assembly. 


3. 2  Lens  and  Screen  Assembly 

The  -first  lens  that  the  electrons  encounter  is  a 
cathode  objective  immersion  lens.  This  lens  was  made  of 
arc-cast  molybdenum  and  mounted  on  an  arc  cast  molybdenum 
plate  which  was  then  mounted  to  the  wall  of  the  microscope 
and  therefore  kept  at  ground  potential.  The  second  lens  is 
of  the  projection  type  and  is  made  of  stainless  steel. 
This  lens  was  insulated  from  the  first  lens  by  ceramics. 

The  projection  lens  was  connected  to  the  phosphor 
screen  by  a  stainless  steel  drift  tube.  The  screen  was 
made  of  high  purity  glass  coated  with  phosphor.  A 
stainless  steel  insert  was  fitted  in  a  hole  at  the  center 
of  the  screen  and  electrically  connected  to  the  drift  tube 
by  two  tantalum  strips. 

Electrons  that  emerge  from  the  sample  pass  through  the 
holes  in  the  lenses,  accelerate  through  the  drift  tube  and 
are  focused  on  the  screen,  providing  an  inverted  and 
magnified  image  of  the  sample.  Since  the  electrons  that 
travel  on  the  center  line  of  the  microscope  are  not 
deflected  by  the  electrical  field,  they  pass  through  the 
hole  in  the  screen  and  are  captured  by  the  collector. 
Figure  3.3  is  a  diagram  showing  the  assembly  of  the  parts 


mentioned  above. 


3. 4  Faraday  Caoe  Assembly 

The  Faraday  cage  assembly  was  designed  -for  more 
rigidity  and  welded  bellows  were  incorporated  into  the 
design  -for  external  alignment  capabilities. 

The  main  parts  of  the  Faraday  cage  are  the 
decelerating  grid  (Figure  3.4),  the  guard  ring  (Figure  3.5) 
and  a  collector  (Figure  3.6)  which  collects  the  electrons 
for  subsequent  emission  measurements.  All  the  above  parts 
are  electrically  separated  from  each  other  by  appropriate 
ceramic  pieces  and  their  assembly  is  shown  in  Figure  3.7. 
The  ceramic  parts  had  to  be  very  carefully  designed  as  the 
lava  stone's  linear  dimensions  increased  by  two  percent 
when  fired.  The  welded  bellows  (Figure  3,8)  were 
positioned  with  the  adjusting  screws  as  shown. 

Electrical  connections  to  the  Faraday  cage  were  made 
via  a  feedthrough  (Figure  3.9)  that  was  designed  and 
manufactured  for  this  particular  purpose.  Figure  3.10 
shows  the  entire  Faraday  cage  assembly. 

Electrons  emerge  with  a  high  energy  through  the  screen 
aperture  and  are  first  slowed  down  by  the  decelerating 
grid.  The  function  of  the  decelerating  grid  is  two-fold: 

1.  It  prevents  secondary  electron  production. 


t  refocuses  the  electron  beam. 


The  guard  ring  eliminates  any  stray  potentials  or 


current  leakages  and  isolates  the  collector.  The  last  item 
that  the  electron  beam  encounters  is  the  collector  which 
was  connected  to  a  very  sensitive  electrometer  capable  of 
measuring  currents  in  the  10  13  amp  range,  with  an  accuracy 
of  ±17.. 


Figure  3.4  -  Decelerating  Grid 


SPRING 


Figure  3.9  -  Electrical  Feedthrough 


Chapter  4 

EXPERIMENTAL  PROCEDURE 


4. 1  Introducti or 


All  internal  parts  of  the  microscope  were 
ul trasoni cal  1 y  cleaned  in  Qakite  and  then  in  acetone  prior 
to  -final  microscope  assembly.  Large  parts  were  cleaned 
with  hydrochloric  acid  and  acetone.  Parts  were  handled  with 
rubber  gloves  to  prevent  their  contamination.  Any  foreign 
particles  or  fingerprints  interfere  with  the  electron  beam 
and  increase  pumpdown  time. 

Lenses,  drift  tube  and  screen  assembly  were  bolted  to 
the  inside  of  the  microscope.  A  small  diameter,  low  power 
laser  gun  was  used  to  align  the  above  parts.  This  was  a 
very  important  step  that  had  to  be  done  before  final 
assembly  of  the  microscope.  The  alignment  was  done  by 
changing  the  position  of  the  drift  tube  in  such  a  way  that 
the  laser  beam  that  entered  through  the  lens  assembly 
emerged  through  the  screen  aperture  and  was  not  obstructed 
on  its  way.  Preliminary  testing  of  the  apparatus,  proved 
that  the  cantilevered  drift  tube  sagged  during  high 
temperature  operation  and  axial  alignment  could  not  be 
maintained.  A  ceramic  insert  (Figure  4.1),  whose  purpose 
was  to  support  the  free  end  of  the  drift  tube  was  designed, 
manufactured  and  fired. 
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The  next  step  was  to  evacuate  the  system  (see  section 
4.3).  When  the  required  vacuum  was  reached,  external 
electrical  connections  were  made  and  the  microscope  was 
ready  for  testing.  Supporting  instrumentation  is  described 
in  section  4.4. 

In  the  thermionic  emission  technique,  the  sample  is 
heated  by  electron  bombardment  from  a  hot  counterwound 
tungsten  filament  up  to  temperatures  at  which  there  is  an 
appreciable  electron  emission  from  its  surface.  For  sample 
temperature  measurements,  see  section  4.5.  The  electrons 
are  focused  through  a  lens  arrangement  and  accelerated 
towards  a  fluorescent  screen,  providing  a  magnified  image 
of  the  surface  examined.  The  microscope  was  operated  in 
such  a  fashion  that  the  light  intensity  emitted  by  a 
certain  region  of  the  image  on  the  phosphor  screen  was 
directly  proportional  to  the  electron  current  emitted  by 
the  correspondi ng  region  on  the  sample’s  surface  and 
inversely  proportional  to  its  work  function.  For  example, 
a  grain  with  a  high  work  function  has  a  relatively  low 
electron  emission  and  will  appear  as  a  dark  area  on  the 
screen.  The  electrons  that  emerged  from  the  screen 
aperture  were  collected  in  order  to  measure  the  current  for 
purposes  of  work  function  calculations. 


*  ■* 


Before  testing  the  tungsten  rhenium  samples,  the 
microscope  was  calibrated  with  a  known  rhenium  sample. 
Grains  1  and  4  (Figure  4.2)  were  tested  and  their  effective 
work.  function  at  a  temperature  of  2053K  were  calculated 
to  be  5.22eV  and  4.90eV,  respectively.  These  results  are 
within  experimental  error  <±0.04eV>  when  compared  to  the 
original  results  of  5.26eV  and  4.9._eV  reported  by  Jacobson 
and  Campbell  [93. 


Figure  4.1  -  Ceramic  Insert 
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4. 2  Sample  Preparation 

The  samples  tested  were  tungsten  based  alloys  with  3’/., 
10’/.,  25%,  and  30%  rhenium.  The  alloys  were  sintered  -from 
tungsten  and  rhenium  powders  and  were  supplied  by  Rhenium 
Alloys,  Inc.,  (1329  Taylor  Street,  Box  245,  Elyria,  Dhio 
44035) . 

The  original  sintered  material  came  in  button  -form, 
roughly  0.4  inches  in  diameter  and  0.5  inches  long.  All 
samples  were  turned  down  to  .375  inches  in  diameter  and 
.100  inches  thick.  The  surface  finish  was  achieved  with  an 
Electrical  Discharge  Machine  (EDM).  The  EDM  was  also  used 
to  drill  the  hohlraum  on  the  circumf erence  of  the  sample 
parallel  to  its  surface.  This  hole  has  a  ratio  of  diameter 
to  depth  of  1:10  so  that  it  approximates  a  black  body.  In 
this  case,  the  hohlraum  was  0.020  inches  in  diameter  and 
0.200  inches  deep.  The  EDM  was  further  used  to  make  a 
groove  perpendi cul ar  to  the  hohlraum  to  lock  the  sample  in 
place  with  a  tungsten  rod.  All  samples  were  polished  with 
emery  paper  down  to  grit  600  and  lapped  with  Alumina 
slurry  down  to  0.05  ^jm.  Before  insertion  into  the 
microscope,  the  samples  were  ul trasoni cal  1 y  cleaned  in 
Oakite  (HD126) ,  rinsed  with  distilled  water  and 
ul trasoni cal  1 y  cleaned  in  acetone.  Lines  were  scribed  on 
the  polished  surface  to  identify  grain  location.  Figure 

4.3  shows  a  typical  sample. 
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Vacuum  Mas  achieved  in  two  stages  by  two  different 
pumps. 

The  fj  jt  stage,  or  the  roughing  stage,  brought  the 

-2 

pressure  from  atmospheric  down  to  about  10  torr.  For 
this  stage,  a  sorption  pump  was  used.  This  pump  was  chosen 
to  eliminate  possible  back  streaming  of  oil.  In  addition, 
the  sorption  pump  has  no  moving  parts  and  requires  no 
electrical  power. 

The  roughing  pump  was  connected  to  the  system  by  a 

manual  stainless  steel  valve  with  a  viton  main  seal.  The 

entire  roughing  manifold  was  isolated  from  the  system  by 

a  metal  valve  with  copper  gaskets. 

The  sorption  pump  works  according  to  the  principle  of 

the  physical  adsorption  of  gases  at  the  surface  of 

molecular  sieve  materials.  These  materials  have  a  surface 

5  2- 

area  on  the  order  of  10  m  per  gram,  which  explains  the 
large  number  of  molecules  that  can  be  adsorbed  as  a 
monolayer  on  their  surface.  The  adsorption  of  the  gases  is 
dependent  upon  the  temperature.  Therefore,  the  pump  was 
baked  overnight  every  three  or  four  pumpdowns  in  order  to 


get  rid  of  the  adsorbed  gases  and  water  vapor.  In  the 


9  J 


pumpdown  stage,  the  sorption  pump  was  immersed  in  liquid 
nitrogen.  After  the  pump  and  the  molecular  sieve  material 


s- 


were  brought  down  to  the  temperature  of  the  liquid  nitrogen 
<i.e.,  the  liquid  nitrogen  stopped  its  vigorous  boiling), 
the  roughing  valve  was  opened.  Roughing  pressure  was 
monitored  with  a  thermocouple  gauge. 

-9 

The  second  stage  increased  the  vacuum  to  the  10  torr 
range.  For  this  stage,  a  140  liters  per  second  Vac-Ion 
pump  was  used. 

This  pump  does  not  require  a  continuously  operating 
backing  pump,  therefore,  the  particular  choice  of  the 
roughing  stage.  The  Vac-Ion  pump  operates  by  ionizing  the 
gas  particles  which  in  turn  impinge  upon  the  cathode  and 
sputter  the  cathode  material  (titanium).  The  high  energy 
ionized  gas  particles  enter  deep  into  the  electrode  surface 
where  they  are  absorbed  by  ion  implantation. 

The  Vac-Ion  pump  was  activated  when  the  roughing 
-2. 

pressure  fell  to  10  torr  (10-15  minutes).  Initially,  a 
bluish  glow  could  be  seen  and  the  pump  body  warmed  up 
slightly.  When  the  glow  disappeared  and  the  pump  cooled 
down,  the  roughing  manifold  including  the  thermocouple 


gauge  was  valved  off 


-7 

When  the  pressure  was  in  the  10  torr  range,  the 

0 

microscope  was  baked  at  approximately  200  C  with  infrared 

lamps  inside  an  aluminum  enclosure  designed  specifically 

for  this  purpose.  Baking  was  done  in  order  to  degas  the 

interior  of  the  microscope.  After  experimenting  with  the 

new  enclosure  it  was  found  that  a  bakeout  of  8-10  hours  was 

sufficient  for  the  system  to  again  reach  10  7  torr  at  which 

point  the  heat  was  removed.  When  the  system  was  again  at  10 

torr,  the  heat  was  removed.  After  the  system  cooled  down, 

-9 

it  achieved  an  ultra-high  vacuum  of  10  torr. 

The  Vac-Ion  pump  maintained  the  vacuum  throughout  the 
experiment.  The  pressure  given  by  the  pump  control  unit 
indicates  the  pressure  in  the  pump.  A  nude  ionization 
gauge,  installed  closer  to  the  sample,  provided  more 
accurate  pressure  measurements  in  the  microscope  head. 
This  pressure  was  usually  slightly  higher  when  the  sample 
was  heated  up. 

If  the  system  was  filled  and  purged  with  nitrogen 
between  sample  changes,  the  pumpdown  time  was  reduced 
considerably  as  the  nitrogen  prevented  water  molecules 
from  adhering  to  the  surfaces  exposed  to  the  vacuum. 


Several  power  supplies  and  two  electrometers  supported 
the  apparatus  during  its  operation.  An  electrical 
schematic  is  given  in  Figure  4.4. 

Before  electrical  connections  were  made,  the  system 
was  thoroughly  checked  to  ensure  that  the  -filament  and  the 
sample  were  not  grounded  or  in  contact.  It  was  also  checked 
to  ensure  that  the  drift  tube  was  not  grounded  and  that 
the  various  parts  of  the  Faraday  cage  did  not  touch  each 
other  or  the  screen  insert. 

The  filament  was  connected  to  the  NJE  CR  18-30  power 
supply  and  16  amps  were  passed  through  it.  The  tungsten 
filament  was  the  source  of  electrons  from  which  the  sample 
was  bombarded.  The  Kilovolt  0-1500V  power  supply  was 
connected  between  the  filament  and  the  sample  and  supplied 
the  bombarding  voltage  for  sample  heating.  When  samples 
were  changed,  the  relative  location  of  the  filament  to  the 
sample  was  not  altered,  therefore,  bombarding  voltages 
were  easily  correlated  to  sample  temperatures.  Potentials 
between  250-500  volts  were  needed;  the  higher  the 
potential,  the  higher  the  sample’s  temperature.  The  Fluke 
407D  was  used  to  apply  a  small  negative  voltage  ( -50V ) 
to  the  sample  in  order  to  overcome  the  space  charge  barrier 
and  repel  the  electrons  from  its  surface.  A  large  electric 
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-field  was  not  applied  to  the  sample  as  this  would  have 


altered  its  electron  emission.  The  potential  of  -50V 
applied  at  the  sample  was  chosen  as  this  was  the  value  at 
which  saturation  occurred  (Figure  4.5).  The  Sorenson  1030- 
20  0-30kV  power  supply  was  connected  to  the  drift  tube  and 
further  to  the  screen  insert  by  two  tantalum  strips  which 
provided  a  symmetrical  accelerating  field.  The  voltage  was 
adjusted  for  a  comfortable  brightness  and  was  usually 
around  lOkV.  Electrons  that  emerge  from  the  screen 
aperture  do  so  with  a  high  energy.  The  HP-890A,  0-320V 
power  supply  was  connected  to  the  decelerating  grid  and  was 
used  to  apply  a  negative  voltage  (-200V)  to  decelerate  the 
electrons  and  refocus  them.  This  particular  value  of  -200V 
was  also  chosen  for  saturation  considerations  (Figure  4.6). 
The  Keithly  610C  Electrometer  was  connected  to  the  guard 
ring  so  as  to  match  its  resistance  to  that  of  the 
collector.  The  Keithly  642  digital  electrometer  which  has 
an  accuracy  of  +1*/.  in  the  range  of  currents  measured  was 
connected  to  the  collector.  The  bellows  were  adjusted  in 
such  a  fashion  so  as  to  maximize  the  current  reading. 
Extreme  care  was  taken  while  moving  the  Faraday  cage  so 
that  it  would  not  touch  the  anode  (screen  insert).  A 
copper  screen  was  built  around  the  Faraday  cage  feedthrough 
to  prevent  stray  fields  from  affecting  the  current 


readi ngs. 
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Before  taking  any  data,  the  microscope  was  allowed  to 


attain  thermal  equilibrium.  This  was  usually  taken  as  the 
time  it  took  the  current  readings  to  stabilize.  A  shielded 
co-axial  cable  connected  the  Keithly  642  to  the  collector 
and  the  instrument  was  kept  at  a  distance  of  three  feet  as 
it  exhibited  large  fluctuations  when  close  to  the 
microscope’s  body. 


The  x,y  and  z  mechanism  was  adjusted  at  this  point  to 
focus  the  image  on  the  screen  and  to  scan  the  sample’s 
surface.  Scanning  was  necessary  in  order  to  obtain 
readings  from  several  grains  located  close  to  the  center 
of  the  sample  so  as  not  to  measure  the  emission  from  the 
rhenium  disc  in  which  the  sample  was  held.  The  built-in 
micrometer  assisted  in  determining  the  magnification.  This 
was  done  by  moving  a  certain  feature  across  the  screen 
through  its  center  and  then  dividing  the  screen’s  diameter 


by  the  micrometer  reading.  Cool  air  from  a  large  fan  was 
passed  across  the  head  of  the  microscope  to  prevent  the  x,y 
and  z  mechanism  from  jamming  during  high  temperature 
operation  due  to  dryout  of  the  lubrication. 

In  order  to  get  reliable  results  the  magni f i cat i on  was 
checked  periodically,  many  values  of  temperature  were  also 


taken  in  order  to  get  an  average  temperature  reading  for  a 
particular  grain  and  several  current  readings  were  taken 
for  each  grain  of  the  polycrystalline  samples.  This  last 


task  became  almost  impossible  with  decreasing  grain  size. 
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Sample  temperatures  were  determined  with  a  micro- 
optical  pyrometer.  As  the  sample  is  at  a  negative 
potential,  the  circuitry  -for  employing  a  thermocouple  would 
be  quite  complicated;  therefore,  the  choice  of  the  optical 
techni que. 

In  order  to  obtain  accurate  results,  the  pyrometer 
was  first  calibrated  against  a  tungsten  ribbon  filament 
lamp  which  was  in  turn  calibrated  by  the  National  Bureau  of 
Standards  (NBS) .  A  table  of  filament  temperatures  versus 
lamp  current  was  also  provided  by  NBS.  This  lamp  was 
contained  within  a  box  built  to  approximate  a  black  body. 

1.  Calibration  Procedure 

After  the  determination  of  focal  distance  and 
object  size  at  focal  distance,  an  auxiliary  objective 
lens  was  selected.  The  one  inch  saphire  view  port  was 
removed  from  the  microscope  and  placed  between  the  NBS 
lamp  and  the  pyrometer.  The  lamp  current  was  adjusted 
using  the  circuit  described  in  Figure  4.7  and  the 
filament  temperature  was  taken  as  the  true 
temper atur e. 

The  pyrometer  was  connected  to  a  battery  through 
an  ammeter  calibrated  in  degrees  Celsius  (Figure  4.8). 
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The  pyrometer  -filament  was  focused  at  the  center  of 
the  tungsten  filament  across  from  the  notch.  The 
current  through  the  pyrometer  lamp  filament  was  set  by 
adjusting  the  rheostat  in  the  telescope  until  a  blend 
(colorwise)  was  made  between  the  apex  of  the  pyrometer 
lamp  filament  and  the  NBS  lamp  filament.  At  this 


point,  the  pyrometer  reading  was  recorded.  This 
procedure  was  repeated  at  various  NBS  lamp  currents 
thus  producing  a  calibration  curve  for  the  pyrometer 
(Figure  4.9).  The  two  different  curves  represented  in 
Figure  4.9  correspond  to  the  respective  temperature 
scales  on  the  ammeter. 

With  the  exception  of  the  first  two  readings, 
pyrometer  readings  were  all  lower  than  the  true 
temperature. 

2.  Sample  Temperature  Measurement  Procedure 

The  pyrometer  was  operated  in  a  similar  manner  as 
in  the  calibration  procedure.  The  target  in  this  case 
was  the  hohlraum  drilled  in  the  side  of  the  sample. 
The  hohlraum  has  a  diameter  to  depth  ratio  of  1:10  and 
so  it  approximates  a  black  body. 


According  to  NBS, 


the  maximum  uncertainty  of  the 


temperature  values 
thermionic  emission 
reproduceabi 1 i ty  of 
range.  The  accuracy, 


around  working  temperatures  for 
The  pyrometer  has  a 


15  ±o  C. 


±2  C  around  the  same  temperature 


therefore,  was  at  worst  ±5  C. 


Pyrometer  Calibration  Cur 


4.6  Safety  Precautions 


g$ 


As  always  when  one  works  with  lethal  voltages  and 
currents  much  care  has  to  be  taken. 

When  power  supplies  were  adjusted,  the  operator 
stood  on  rubber  mats  and  avoided  touching  ground.  The 
microscope  body  and  all  the  other  instruments  were  well 
grounded.  Protective  covers  were  placed  on  high 
voltage  inputs. 

The  apparatus  was  tested  -for  x-ray  emission  and 
values  below  0.1  mR/hour  were  recorded.  These  values  were 
considered  to  be  sa-fe.  If  the  microscope  is  operated  at 
higher  accelerating  voltages,  lead  glass  should  be  used 
instead  of  the  existing  view  ports. 
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Chapter  5 


RESULTS 


5. 1  Introducti on 

Four  sintered  tungsten  base  alloys  with  37.,  107.,  257. 

and  307.  rhenium  were  tested.  The  tungsten  was  of 

commercial  purity  and  the  rhenium  was  99.99997  pure. 

Results  from  analysis  on  the  original  powders  in  a  mass 

Spectrometer  by  the  supplier  are  given  in  Table  5.1. 

The  powders  were  sintered  in  an  ultra-pure  hydrogen 

o 

atmosphere  at  a  temperature  of  about  2550  C  for  2.5  hours 
under  a  pressure  of  30,000  psi .  The  sintered  materials 
were  also  cooled  in  a  reducing  hydrogen  atmosphere.  The 
process  was  done  in  a  molybdenum-lined  furnace. 

A  small  sample  of  each  alloy  was  analyzed  by  Jim  Clark 
from  the  Chemistry  Department  at  Arizona  State  University 
with  an  electron  microprobe.  Results  of  this  analysis  are 
given  in  Table  5.2. 

All  samples  were  metal lographi cal  1 y  polished  as 

described  in  Section  4.2  and  then  annealed  for  12  hours  in 

“0 

a  vacuum  of  6>:10  torr  to  assure  recrystal  1  izati on  and 
provide  enough  time  to  allow  a  stable  grain  structure. 


Electron  emission  measurements  were  averaged  tor  each 
grain  tested,  unless  the  size  of  the  grain  posed  a 
limitation.  Several  grains  were  tested  for  each  material 
and  the  results  were  averaged  at  each  temperature.  The 
area  tested  represented  about  5'/.  of  the  entire  sample 
surface.  The  temperature  was  continuously  monitored  to 
obtain  an  average  value  for  the  entire  duration  of  the 
test. 


Table  5. 1  -  Spectrogr aphi c  Analysis 
Tungsten  Powder  Rhenium  Powder 


El ement 

ppm 

El ement* 

ppm 

A1 

<1.0 

Cu 

8.' 

Ca 

<1.0 

Fe 

<1.' 

Cr 

<1.0 

Na 

<1.' 

Cu 

<1.0 

Fe 

4.0 

K 

<10.0 

Mg 

<1.0 

Mn 

<1.0 

Mo 

10.0 

Na 

9.0 

Ni 

4.0 

Si 

<1.0 

Sn 

<1.0 

*  Evidence  of 

other  elements  was 

not  detected. 

N  0* 

in  n 


5.2  Tabulated  Results 

This  section  presents  the  results  tabulated  in  order 
of  increasing  rhenium  percentages  in  the  sample.  Each 
table  is  accompanied  with  an  emission  micrograph  of  the 
correspondi ng  sample  showing  the  grains  which  were  tested. 

Actual  temperatures  were  obtained  from  Figure  4.9. 
Saturation  current  density  is  also  included.  The 
magnification,  97 X,  did  not  change  during  the  testing  of 
all  the  alloys.  This  is  not  surprising  as  the  sizes  and 
distances  between  microscope  components  were  not  changed, 
and  the  sample  voltage  was  not  altered  during  the  course  of 
the  experiment. 

The  experimental  error  in  work  function  computation 
was  determined  to  be  ±0.04eV  based  on  experimental 
accuracies  from  the  measurements  of  emission  current  (±17.), 
temperature  (±5  K)  and  magnification  (±37.). 

Five  grains  were  chosen  ranging  from  very  bright  to 
very  dark  in  order  to  get  a  true  average  for  the  effective 
work  function.  An  effort  was  made  to  look  for  large  grains 
in  order  to  allow  scanning  of  the  grain  itself,  but  this 
was  not  possible  in  all  cases. 


Tables  5.3  through  5.6  contain  the  experimental  data 


on  the  -four  tungsten  rhenium  alloys  tested,  showing  the 
average  effective  work  function  for  each  grain.  Table  5.7 
gives  a  summary  of  the  average  effective  work  function  of 
each  sample  at  appropriate  temperatures.  The  value  of  the 
emission  constant,  A,  in  the  Ri chardson-Dushman  equation 


2  2. 

was  taken  as  120  Amp/cm  K. 


Table  5.3  -  Emission  Results  for  Sample  1 


W,3*/.Re* 


Magni f i cati on  =  97X 

Vacuum  =  6x10  0  torr  or  better 


T 

I 

Js 

0e* **» 

Grain  # 

<  K  > 

(amp ) 

(amp/cm2 ) 

(eV) 

1 

1951 

6. 285E-1 1 

7.294E-5 

4.95 

2 

1951 

6.986E-11 

B.  108E-5 

4.94 

3 

1951 

B.337E-11 

9.676E-5 

4.91 

4 

1951 

1 . 425E-10 

1.654E-4 

4. 82 

5 

1951 

2.023E-10 

2. 349E-4 

4.76 

i 

2062 

1 . 586E-10 

1.B41E-4 

5.09 

2 

2062 

3.723E-10 

4.321E-4 

4.94 

3 

2062 

4. 123E-10 

4.7B5E-4 

4.92 

4 

2062 

6. B68E—10 

7 . 97 IE— 4 

4.B3 

5 

2062 

7.631E-10 

B.856E-4 

4.81 

1 

2168 

6.743E-10 

7.826E-4 

5.  10 

2 

2168 

1. 125E-9 

1 . 306E-3 

5.01 

3 

2168 

1 . 305E-9 

1.514E-3 

4.98 

4 

2168 

1.773E-9 

2.05BE-3 

4.92 

5 

2168 

2.591E-9 

3.007E-3 

4.85 

1 

2236 

1 . 509E-9 

1 . 751E-3 

5.  12 

2 

2236 

1.891E-9 

2. 195E-3 

5.07 

3 

2236 

2.516E-9 

2.920E-3 

5.02 

4 

2236 

3. 197E-9 

3. 710E-3 

4.97 

5 

2236 

4.652E-9 

5.399E-3 

4.90 

1 

2361 

6.916E-9 

8.026E-3 

5.  12 

2 

2361 

B.950E-9 

1 . 039E-2 

5.  06 

3 

2361 

1.362E-B 

1.5B1E-2 

4.98 

4 

2361 

1.391E-8 

1.614E-2 

4.97 

5 

2361 

1 .537E-B 

1 . 7B4E-2 

4.95 

*  Based  on  less  than  5’/.  of  cathode  area 

**  Experimental  error  ±0.04eV 


Table  5.4  -  Emission  Results  for  Sample  II  -  W,  107.Re* 


Magnification  =  97X  _g 

Vacuum  =  6x10  torr  or  better 


T 

I 

0ett 

Grain  # 

(  K> 

(amp ) 

(amp/cm2 > 

(eV) 

1 

1946 

2. 386E-10 

2.769E-4 

4.72 

2 

1946 

7.542E-11 

8.753E-5 

4.91 

3 

1946 

1 . 0B9E-10 

1.264E-4 

4.85 

4 

1946 

1.394E-10 

1.618E-4 

4.81 

5 

1946 

2. 215E-10 

2.571E-4 

4.73 

1 

2051 

1.783E-9 

2.069E-3 

4.63 

2 

2051 

7.510E-11 

B.716E-5 

5.  19 

3 

2051 

5. 182E-10 

6.014E-4 

4.85 

4 

2051 

7. 926E-10 

9. 199E-4 

4.78 

5 

2051 

1 . 282E-9 

1.4B8E-3 

4.69 

i 

2162 

6. 752E-9 

7.B36E-3 

4.66 

2 

2162 

2. 121E-10 

2.462E-4 

5.30 

3 

2162 

2. 62 IE— 9 

3.042E-3 

4.83 

4 

2162 

3.809E-9 

4.421E-3 

4.76 

5 

2162 

5.421E-9 

6.291E-3 

4.70 

1 

2224 

1 . 245E-8 

1.445E-2 

4.6B 

2 

2224 

7 . 890E-10 

9. 157E-4 

5.21 

3 

2224 

4.782E-9 

5. 550E-3 

4.87 

4 

2224 

6.B04E-9 

7.896E-3 

4.80 

5 

2224 

9 . 685E-9 

1. 124E-3 

4.73 

1 

2339 

3. 589E-8 

4. 165E-2 

4.73 

2 

2339 

3. 110E-9 

3.609E-3 

5.22 

3 

2339 

1.796E-8 

2.0B4E-2 

4.87 

4 

2339 

2. 497E-8 

2.898E-2 

4.81 

5 

2339 

2 . 632E-B 

3.055E-2 

4 . 80 

*  Based  on  less  than  57.  of  cathode  area 
t*  Experimental  error  ±0.04eV 


Table  5.5  -  Emission  Results  -for  Sample  III 


W,25’/.Re* 


Magnification  = 

97X 

6x10°  torr 

Vacuum 

*= 

or  better 

T 

I 

Js  , 

0e*  * 

Brain  # 

(  K  > 

( amD ) 

(amD/crrr  ) 

<eV> 

1 

1951 

4. 345E-1 1 

5.043E-5 

5.02 

2 

1951 

2. 535E-10 

2.942E-4 

4.72 

3 

1951 

1 . 795E-10 

2.0B3E-4 

4.78 

4 

1951 

4.260E-11 

4.944E-5 

5.02 

5 

1951 

1.605E-11 

1.B63E-5 

5.  18 

1 

2037 

1.060E-10 

1.230E-4 

5.09 

2 

2037 

7.982E-10 

9.264E-4 

4.74 

3 

2037 

6.688E-10 

7.762E-4 

4.77 

4 

2037 

1. 102E-10 

1 . 279E-4 

5.09 

5 

203"" 

B. 675E-1 1 

1 . 007E-4 

5.  13 

1 

2148 

4. 405E-10 

5. 112E-4 

5.  13 

2 

2148 

3. 968E-9 

4.605E-3 

4.72 

3 

2148 

2.944E-9 

3.417E-3 

4. 78 

4 

2148 

7.395E-10 

8.5B2E-4 

5.03 

5 

2148 

2.594E-10 

3.011E-4 

5.23 

1 

2259 

2.295E-9 

2.664E-3 

5.09 

2 

2259 

1 . 222E-8 

1.418E-2 

4.77 

3 

2259 

8.910E-9 

1.034E-2 

4.83 

4 

2259 

3.022E-9 

3.507E-3 

5.04 

5 

2259 

1. 193E-9 

1 . 384E-3 

5.22 

1 

2339 

2.792E-9 

3.240E-3 

5.25 

2 

2339 

2.214E-8 

2.569E-2 

4.83 

3 

2339 

1 . 308E-8 

1.518E-2 

4.94 

4 

2339 

3.850E-9 

4.468E-3 

5.  18 

5 

2339 

1.21 9E-8 

1.415E-2 

4.95 

Table  5.6  -  Emission  Results  for  Sample  IV  -  W,30%Re* 


Magnification  = 

97X  -ft 

6x10°  torr 

Vacuum 

S= 

or  better 

T 

I 

Js  a 

0e** 

Grain  # 

(  K) 

(amp  > 

(amp/cm* ) 

(eV> 

1 

1946 

1.072E-10 

1.244E-4 

4.85 

2 

1946 

1.036E-12 

1 . 202E-5 

5.24 

3 

1946 

5. 718E-1 1 

6.636E-5 

4.96 

4 

1946 

4.235E-U 

4.915E-5 

5.01 

5 

1946 

1.B67E-11 

2. 167E-5 

5.  14 

i 

2051 

5.434E-10 

6.306E-4 

4.84 

2 

2051 

5.360E-10 

6.209E-5 

5.25 

3 

2051 

2.217E-10 

2.573E-4 

5.00 

4 

2051 

2.735E-10 

3. 174E-4 

4.97 

5 

2051 

9.B1BE-11 

1. 139E-4 

5.  15 

i 

2170 

2.501E-9 

2.901E-3 

4.B6 

2 

2170 

2.525E-10 

2.930E-4 

5.29 

3 

2170 

1 . 567E-9 

1.B19E-3 

4.95 

4 

2170 

1. 193E-9 

1 . 384E-3 

5.00 

5 

2170 

6.001E-10 

6.963E-4 

5.  13 

1 

2224 

3.542E-9 

4.111E-3 

4.92 

2 

2224 

5.810E-10 

6.743E-4 

5.27 

3 

2224 

1 . 843E-9 

2. 139E-3 

5.05 

4 

2224 

1 . 530E-9 

1.776E-3 

5.09 

5 

2224 

1 . 265E-9 

1 . 46BE-3 

5.  12 

i 

2350 

1 . 84BE-B 

2. 144E-2 

4.B9 

2 

2350 

1.714E-9 

1.9B9E-3 

5.37 

3 

2350 

1. 1 14E-B 

1.292E-2 

4.99 

4 

2350 

9. 424E-9 

1.094E-2 

5 . 03 

5 

2350 

5. 051E-9 

5.862E-3 

5.15 

*  Based  on  less  than  5 V.  of  cathode  area 
Experimental  error  ±0.04eV 
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Table  5.7  -  Summary  of  fie  Measurements* 


T 

0e*t 

Sample 

(  K> 

<eV) 

1951 

4.87 

2062 

4.92 

W,37.Re 

2168 

4.97 

2236 

5.02 

2361 

5.02 

1946 

4.80 

2051 

4.83 

W,  lOV.Re 

2162 

4.85 

2224 

4.86 

2339 

4.89 

1951 

4.94 

2037 

4.96 

W,257.Re 

2148 

4.98 

2259 

4.99 

2339 

5.03 

1946 

5.04 

2051 

5.04 

W ,  307.Re 

2170 

5. 05 

2224 

5.09 

2350 

5.09 

*  Based  on  less  than  57.  of  cathode  area 
**  Experimental  error  ±  0. 04eV 


Average  Effective  Work  Function 


5. 3  Pi scussi on 


From  the  tables  and  figures  presented  in  the  previous 

section,  it  can  be  seen  that  the  general  trend  is  of 

increasing  values  of  effective  work  function  with 

increasing  temperatures.  Hatsopoulos  and  Gyftopoulos  C51 

introduce  a  relation  which  presents  ^  as  a  function  of 

temperature.  In  this  case,  the  results  would  fit  the 

equation  with  a  positive  temperature  coefficient  (slope), 

and  the  work  function  could  be  calculated  theoreti cal  1 y  if 

its  value  at  absolute  zero  was  known.  The  above  reference 

shows  the  temperature  coefficients  of  tungsten  and  rhenium 
-5  —5 

to  be  5.1701x10  and  3.4467x10  respectively. 

Grain  sizes  were  observed  to  decrease  on  the  average 
with  increasing  rhenium  content.  Various  elements  behave 
in  different  ways,  but  in  this  case,  it  seems  that  adding 
the  alloying  element,  rhenium,  to  tungsten,  inhibits  grain 
growth  in  the  lattice.  This  is  probably  due  to  the  strain 
that  the  rhenium  atoms  introduce  in  the  structure  by 
migrating  to  grain  boundaries  and  hindering  their  motion. 

In  general,  it  can  be  deduced  from  the  results  that 
the  average  effective  work  function  increases  with  low  and 
high  rhenium  concentrations  exhibiting  a  minimum  at  107.  Re. 
This  result  was  expected  as  the  effective  work  function  of 
polycrystalline  rhenium  is  higher  (4.9eV)  than  that  of 
polycrystalline  tungsten  <4.5eV).  The  effective  work 
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are  quite 


functions  of  selected  orientations,  though, 
different  such  as  5.00eV  for  (110)  tungsten  and  5.51eV  for 
(0001)  Rhenium.  Sample  II  of  W,  10*/.Re  though,  has  a  lower 
effective  work  function  on  the  average  than  Sample  I  which 
has  only  3'/.  rhenium.  Other  researchers  C8D  reported  a 
similar  drop  in  the  effective  work  function.  Another 

phenomenon  is  the  relatively  high  effective  work  function 
calculated  for  Sample  IV  of  W,30‘/.Re,  considering  the  0e  of 
the  polycrystalline  elements  present  in  the  alloy. 

In  order  to  explain  some  of  the  problems  faced  when 
measuring  various  parameters  under  the  conditions  presented 
in  this  work,  they  will  be  divided  into  three  categories. 

1.  Instrumentation:  The  accuracies  of  some 

instruments  were  given  at  the  beginning  of  the  chapter 
from  which  an  experimental  error  for  the  effective 
work  function  of  ±0.04eV  was  calculated.  Other  aspects 
of  instrument  limitations  are  the  fluctuations  in  the 
output  of  the  power  supplies  which  caused  fluctuations 
in  sample  temperature,  sample  voltage,  accelerating 
voltage  and  decelerating  voltage.  The  digital 
electrometer  being  such  a  sensitive  instrument  also 
suffered  from  small  variations  in  emission  current 


2.  High  Temperature  Phenomena:  At  high  temperatures 
(2400K  and  above)  the  system  was  not  stable.  This 
fact  was  deduced  from  the  large  fluctuations  of  the 
electrometer  and  the  poor  image  on  the  phosphor 
screen.  At  high  temperatures  there  are  grooves  formed 
on  the  surfaces  where  grain  boundaries  intersect  the 
specimen  surface.  This  phenomenon  is  called  thermal 
grooving,  and  it  exposes  a  larger  array  of 
crystal  1 ographi c  orientations  which  may  alter  the 
calculated  average  effective  work  function.  A  third 
aspect  is  that  of  electron  cooling  of  the  sample 
surface.  This  phenomenon  produces  a  temperature 
gradient  between  the  surface  and  the  bulk  of  the 
material  which  causes  inaccuracies  in  work  function 
calculations. 

3.  Sample  Preparation:  As  can  be  seen  from  Table 
5.2,  Samples  I  and  H,  with  3*/.Re  and  lO'/.Re 
respecti vel y,  are  not  homogeneous.  This  can  cause 
large  differences  in  electron  emission  from  one  area 
of  the  sample  to  another.  The  samples  exhibited 
irregular  surfaces  even  after  a  mirror  polish; 
probably  due  to  the  sintering  process.  Surface 
i rregul ar i ti es  cause  distortions  as  they  can  behave 


like  diverging  or  converging  lenses.  Impurities  are 
the  last  aspect  of  sample  preparation  which  have  a 
marked  influence  on  the  value  of  the  effective  work 
function  of  the  sample  in  question.  Some  impurities 
have  lower  work  functions  than  the  base  material  such 
as  W2C  and  WC  with  2.60eV  and  3.60eV,  respectively. 
Some  impurities  have  higher  work  functions  than  the 
base  materials  such  as  WO 5  with  4.96eV. 


Chapter  6 


CONCLUSIONS  AND  RECOMMENTATIONS 

6.  1  Con cl usi on s 

The  electron  emission  results  presented  in  the 
previous  chapter  were  -for  the  most  part  in  agreement  with 
the  expectati ons  and  with  previous  studies  done  on  similar 
alloys.  Jacobson  CBD  reported  the  values  of  tungsten  with 
5%  and  15%  rhenium  to  have  effective  work  functions  of 
4.87eV  at  1953K.  and  4.8C>eV  at  2053K,  respectively.  The 
correlation  between  the  effective  work  function  and  both 
sample  composition  and  temperature  was  determined.  The 
trend  was  of  increasing  effective  work  function  at  low  and 
high  rhenium  concentrations  with  a  minimum  at  10%  Re,  and 
increasing  effective  work  function  with  increasing  sample 
temperature. 

The  alloying  element,  rhenium,  proved  indeed  to 
enhance  the  effective  work  function  of  tungsten  and  the 
thermionic  emission  microscope  was  an  excellent  tool  for  a 
quantitative  evaluation  of  this  material  characteri sti c . 

If  the  alloying  element  does  produce  a  material  which 
is  easier  to  fabricate  and  more  ductile  with  higher 
resistance  to  creep  and  recrystal  1 ization  and  with  a  high 
stable  work  function,  the  alloy  should  be  considered  as  an 
alternative  to  processes  such  as  single  crystal  production. 


6. 2  Recommendati ons 

Additional  studies  should  be  done  on  the  samples 
tested  with  the  vacuum  emission  vehicle  in  order  to  compare 
to  the  results  obtained  here  with  the  emission  microscope. 
Additional  alloys  with  different  percentages  of  rhenium 
should  also  be  tested  in  order  to  study  the  effective  work 
function  variation  with  composition,  and  to  determine  if 
the  minimum  observed  at  10%  Re  is  consistent.  The  increase 
in  the  effective  work  function  with  decreasing  composition 
below  10%  should  be  researched  further  in  order  to 
understand  the  phenomenon. 

Some  modifications  to  the  thermionic  emission 
microscope  should  be  made  in  future  experimental  work  in 
order  to  tip  the  scale  in  favor  of  pure  research. 

The  existing  phosphor  screen  is  deteriorating.  Three 
new  screens  were  recoated;  two  with  the  same  type  of 
material  as  the  existing  screen  and  one  with  type  P-20 
electronic  phosphor.  It  is  advisable  to  replace  the 
existing  screen  and  try  both  kinds  of  coatings  available. 

A  leak  was  detected  in  the  welded  bellows  assembly  of 
the  Faraday  cage.  A  new  welded  bellows  was  designed  and 
manufactured.  The  old  bellows  should  be  replaced  before 
any  further  testing  and  would  definitely  improve  the  vacuum 


in  the  system. 


'j*  V 


A  new 

sample  holder  should 

be 

desi gned 

for 

better 

alignment  of 

the  sample  surface. 

If 

possible, 

two 

sample 

holders  should  be  manufactured  in 

order  to  shorten 

sample 

v\\ 

V.' 

replacement  time. 

Vacuum  near  the  hot  sample  is  measured  by  the  nude 
ionization  gauge  to  be  one  order  of  magnitude  higher  than 
that  measured  by  the  pump  power  supply.  This  can  be 
corrected  by  the  use  of  another  Vac-Ion  pump  attached 
closer  to  the  sample.  Assuming  no  leaks,  this  would  be  an 
extreme  improvement  and  would  solve  problems  such  as 
electrical  breakdown. 

An  aluminum  enclosure  similar  to  the  one  built  for  the 
microscope  should  be  built  for  the  Vac-Ion  pump.  This  would 
help  degas  the  walls  of  the  pump  and  improve  the  vacuum. 
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ABSTRACT 


In  the  quest  to  obtain  enhanced  bare  work  functions  and  increase 
their  utility  for  thermionic  energy  conversion  in  future  space 
applications,  four  tungsten,  rhenium  alloys  (W~3tRe,  W-10tRe,  W-25?Re, 
W~30$Re)  were  tested  and  found  to  have  effective  work  functions  of 
4.87±0.04eV. ,  4 ,80±0.04eV. ,  4.94±0.04eV.  and  5 .04±0 .04eV. ,  respectively 
at  an  operating  temperature  of  1950  K.  Tests  were  conducted  at 
progressively  increasing  temperatures  up  to  2350  K  and  the  effective 
work  functions  were  found  to  increase  uniformly  with  temperature.  The 
effect  of  adding  1%  Th02,  to  each  one  of  the  above  mentioned  alloys 
(W,W-10$Re,  W-25SRe,  W~30$Re)  was  to  marginally  increase  the  work 
functions  to  4.83  ±  0.04eV.,  4.82  ±  0.04eV.,  4.96  ±  0.04eV.  and 
5.06  ±  0 .04eV .  ,  respectively.  The  work  functions  exhibited  trends 
similar  to  that  of  the  W,Re  alloys,  with  increase  in  temperature  and 
rhenium  content. 

Normal  spectral  emissivities  of  W,  W-3*Re,  W-25/tRe  and  W~30$Re  were 
evaluated  with  a  sophisticated  photon  counting  pyrometer.  At  1400  K 
these  alloys  were  found  to  have  emissivities  of  0.599,  0.521,  0.476  and 
0.610  respectively  and  in  each  case  the  values  decreased  with  increase 
in  operating  temperature.  W,25XRe  had  the  lowest  and  most  stable  values 
in  the  range  of  temperatures  (1400  K  to  2500  K)  tested.  The  thoriated 
samples  exhibited  the  same  behavior  as  the  W,  Re  samples  but  were 
observed  to  be  more  stable.  At  1420  K  these  alloys  were  found  to  have 
emissivities  of  the  order  of  0.525,  0.449,  0.410,  0.422  and  0.473,  which 
were  generally  lower  and  better  suited  for  TEC  application. 


The  one-hour  recrystallizatlon  temperature  for  pure  sintered  W  was 
determined  to  be  1650  K  whereas  that  for  the  other  W,Re  alloys  was  about 
1850  K.  The  recrystallized  grain  sizes  for  the  four  samples  with 
increasing  rhenium  content,  were  62  pm,  51  pm,  32  pm  and  34  pm 
respectively.  Addition  of  It  thoria  increased  the  recrystallization 
temperature  of  W,  to  1 8 1 0  K  and  that  of  W,25Re  to  2100  K.  The  alloys 
were  found  to  have  coarse  as  well  as  fine  thoria  particles  distributed 
in  them. 

A  high  temperature,  high  vacuum  mechanical  testing  system  was 
designed,  fabricated  and  installed  to  determine  elevated  temperature 
tensile  properties  for  the  W,Re  and  W,Re,Th02  samples.  Due  to 
fabrication  and  instrumentation  problems,  the  tests  could  not  be 
completed.  However,  the  expected  results  are  discussed. 
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NOMENCLATURE 


Energy  of  an  ejected  electron 
Emissive  power 

Volume  fraction  of  thoria  particles 

Fermi  function 

Planck’s  constant 

Boltzmann  constant 

Radius  of  thoria  particles 

Attenuation  factor 

Constant  in  R-D  equation  (120  Amps/cm2K2) 

Area  of  aperture  at  the  centre  of  the  collecting  plane 

Planck's  first  constant 

Planck's  second  constant 

Energy  level  of  a  given  energy  state 

Corrected  count  rate 

Fermi  energy 

Observed  count  rate  of  hohlraum  at  T,_ 

h 

Corrected  count  rate  of  hohlraum  at  T. 

h 

Count  rate  after  'n'  filters 
Count  rate  at  temperature  Tq 
Observed  count  rate  of  surface  at  T 

s 

Corrected  count  rate  of  surface  at  T 

s 

Current  measured  by  the  electrometer 


Current  density 


NOMENCLATURE  (Continued) 


Maximum  available  energy  of  ejected  electron 

Magnification 

Work  function  parameter 

Limiting  grain  size 

Absolute  temperature  in  K 

Absolute  temperature  of  hohlraum 

Melting  point  of  copper 

Temperature  of  surface 

Finite  value  of  potential  outside  the  metal 
Contact  angle  of  second  phase  particles 
Emissivity 

Normal  spectral  emissivity 
Dead  time  of  counter  circuits 
Wavelength  of  thermal  radiation 
Frequency  of  light  waves 
Work  function  of  parent  metal. 

Effective  work  function 

Effective  stress  component  of  the  flow  stress 
Internal  stress  component  of  the  flow  stress 


1 .  INTRODUCTION 


There  are  a  variety  of  potential  missions,  such  as  space  based 
manufacturing,  high  capacity  communications,  outer  planetary  orbiters 
and  lunar  and  planetary  bases  that  appear  to  demand  compact  high  power, 
very  long  life  power  units  which  are  independent  of  sunlight.  In 
general,  the  most  intensive  energy  processing  in  any  spacecraft  occurs 
in  the  source  and  conversion  systems  for  primary  space  power.  There, 
higher  temperatures  translate  into  less  weight,  greater  capability  and 
increased  mobility  essential,  particularly  in  military  missions. 

1.1  Projected  space  requirements  for  high  temperature  materials 

Cohen  [11]  presents  a  tabulation  of  potential  high  power 
requirements  for  the  U.S.  national  defense.  For  space  based  systems, 
high  power  levels  must  be  achieved  at  significantly  higher  values  of 
specific  power  (W/kg)  and  energy  (W-Hr/Kg)  than  are  presently  available 
to  satisfy  defense  needs  for  survivability.  Table  1  gives  a  list  of  the 
potential  high  power  requirements. 

The  Soviet  development  of  Space  Nuclear  Reactors  [39]  (SNR’s)  aims 
at  military  goals.  The  USSR-SNR  program  is  aimed  at  achieving  prim'' 
power  sources  at  Megawatt  levels  and  beyond  and  quite  obviously  the  US- 
SNR  program  is  also  expected  to  follow  suit  and  develop  these  high 
energy  source  systems  for  defense  utilization.  Development  of  these 
high  temperature,  high  power  space  energy  conversion  systems  would 
definitely  pose  critical  material  problems. 

Accordingly,  ultimate  alloys  are  extremely  important  and  almost 
mandatory  for  future  orbital  power  systems  technology  requirements  [^3]- 
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If  there  is  a  single  general  trend  that  applies  to  the  various 
combinations  of  heat  sources  and  conversion  methods,  it  is  the  one 

i 

toward  higher  source  temperature  and  higher  sink  temperature  and 
consequently  lighter  weight  systems.  Higher  sources  and  sink 
temperatures  means  developing  materials  with  superior  properties  at  high 
temperatures  and  for  this,  high  temperature  materials  data  is  of  prime 
importance.  This  emphasizes  anticipating  and  solving  material  problems 
for  high  temperature  space  applications. 


1.2  Characteristics  of  ultimate  space  materials 

At  high  temperatures,  ceramic  materials  become  more  electrically 
conductive  and  this  precludes  their  effective  use  to  transfer  heat  to 
energy  converters  while  blocking  electric  transport.  Even  when  solid 
insulators  function  adequately  at  high  temperatures,  their  comparative 
mechanical  intransigence  limits  the  f abr i cabi 1 i ty  and  service 
adaptability.  Thus  refractory  alloys  must  in  general  accommodate 
ceramics  as  well  as  themselves  to  system  fabrication  and  service 
requirements.  However,  refractory  alloys  suffer  from  ductility 
deficiencies  and  recrystallization  effects.  Other  complications  arise 
from  intensified  influences  of  high  temperatures  and  hard  vacuum  on 
strength,  creep,  diffusion,  segregation,  chemical  reaction, 
vaporization  and  other  thermophysical  phenomena. 

To  start  with  we  can  examine  the  highest  melting,  least  vaporizing 


metals  listed  in  Table  2. 
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Table  1.  Department  of  .Defense  potential  high  power  requirements, 
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APPLICATIONS _ 

SPACE-BASED  RADARS 
SURVEILLANCE 
COMMUNICATIONS 
OTV  (NEP) 

JAMMERS 


POWER  LEVEL 
5  TO  MOO  Kw 
30  TO  100  Kw 
100  Kw 
>100  Kw 
70  TO  200  Kw 


LASERS 

PARTICLE  BEAMS 
ADVANCED  CONCEPTS 


10  TO  100  Mw  PULSED 
10  TO  100’S  Mw  PULSED 
1  TO  100'S  Mw  PULSED 


Table  2.  List  of  high  melting,  low  vaporizing  materials. 


ATOMIC 

NUMBER 


MATERIAL 

(SYMBOL) 

ZIRCONIUM  (Zr) 

_NI0BIUM  (Nb)  _ 

_MOLYBDENUM  (Mo)_ 
TECHNETIUM  (TC) 
RUTHENIUM  (Ru) 

_HAFNIUM  (Hf) _ 

_TANTALUM  (Ta) _ 

_TUNGSTEN  (W) _ 

_RHENIUM  (Re) _ 

OSMIUM  (Re) 
IRIDIUM  (Ir) 

_TH0RIUM  (Th) _ 

ALUMINA  (A1a0,)_ 
THORIA  (THOa) 


APPROXIMATE 
MELTING  POINT, °K 


"HIGHEST  OF  THE  OXIDES" 


APPROXIMATE  VAPOR 

PRESSURE  AT  2000°K,  TORR 

__  - 

2x10 
5  x  10** 

-  .5 

2x10 

- 

3x10 

1  x  10 

«.« 

2  x  10 

-  *.i  i 

5x10 

2 

M  x  10 

^  1  0 

1  x  10 

^  1  0 

<3x10 

4.1 

2  x  10 
3x10 

_ 6  x  10 

_ APPROXIMATELY  EQUAL 

TO  THAT  OF  MOLYBDENUM 


HAFNIUM  CARBIDE  (HfC) 


OVER  TWO  ORDERS  OF  MAGNITUDE 
LOWER  THAN  THAT  OF  MOLYBDENUM, 
NEARLY  FOUR  WITH  EXCESS  CARBON 
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1.2.1  The  primary  components  tungsten  and  rhenium 

Tungsten  is  the  most  refractory  metal.  It  is  a  body  centered  cubic 
element  with  a  2000  K  vapor  pressure  of  HxlO  torr  and  a  melting  point 
of  3683  K.  Its  ductile  to  brittle  transition  occurs  well  above  room 
temperature  and  it  begins  to  recrystallize  below  40J  of  its  melting 
point  which  further  complicates  manufacturing  and  service.  Even  today, 
brittleness  and  difficult  f abr icability  often  overshadow  the  peerless 
high  temperature  properties  of  tungsten. 

Rhenium,  another  refractory  element  is  a  metal  whose  strength 
apparently  is  the  only  one  among  the  metals  to  approach  or  exceed  those 
of  tungsten.  It  is  quite  ductile  in  contrast  to  tungsten  but  exhibits 
extremely  high  work  hardenability  with  very  little  deformation,  often 
requiring  repeated  vacuum  annealing  during  fabrication.  However  in 
combination  with  rhenium,  tungsten  becomes  fabrlcable,  ductile  even 
after  welding  and  improves  in  resistance  to  creep  and  recrystallization. 
Rhenium  has  a  higher  density  (21.0  gms/cc)  than  tungsten  (19.3  gms/cc) 
and  a  melting  point  of  3^53  K  with  an  atomic  radius  (1.37A)  close  to 
that  of  tungsten.  With  a  solubility  of  approximately  26.5%,  rhenium  is 
a  very  interesting  solute  for  tungsten.  The  fact  that  rhenium  additions 
in  small  quantities  soften  and  increase  the  ductility  of  tungsten,  is 
attributed  to  the  formation  of  a  complex  oxide  with  appreciable  surface 
tension.  This  oxide  agglomerates  into  round  globules  instead  of  wetting 
grain  boundaries  and  in  the  process,  gives  the  alloy  high  intergranular 
strength  and  ductility.  This  is  discussed  in  detail  in  a  later  section. 
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1.2.2  The  additive  thoria 

Interstitial  impurities  generally  tend  to  diminish  ductility,  but 
some  of  them  can  produce  beneficially  dispersed  refractory  products 
through  reactions  with  low  pressure  vapor  getters  such  as  thorium  and 
hafnium.  Thorium  is  the  best  getter  for  oxygen.  The  proposal  to  add 
thoria  to  tungsten,  rhenium  alloys  was  initiated  when  it  was  found  that 
the  unactivated  thoria  had  a  bare  work  function  of  6.3  eV.  and  a 
cesiated  work  function  of  1.0  eV.  Great  gains  in  ductility,  hot 
strength  and  recrystallization  resistance  for  thoria  additions  to 
tungsten,  rhenium  ultralloys  have  already  received  attention.  Particle 
dispersions  strongly  influence  mobility  of  grain  boundaries  and 
subboundaries,  redistribution  of  dislocations  and  other  effects  that 
affect  the  formation  of  recrystallization  nuclei  and  initial  growth. 
The  dispersed  particles  such  as  thoria  change  recrystall  izati  on 
temperatures  as  complex  functions  of  the  size,  spacing,  concentration, 
stability  and  other  variables  of  miorostructural  interaction.  As  shown 
in  Figure  1  [35],  thoria  is  a  very  stable  oxide  which  has  a  melting 
point  of  3573  K.  Thoriated  tungsten  is  generally  obtained  by  flashing  a 
tungsten  filament  containing  0.5  to  1 . 5%  thoria  at  a  high  temperature 
(2700  K)  which  reduces  some  of  the  oxide  to  metallic  thorium.  This  is 
then  followed  by  heating  at  2100-2200  K,  thus  causing  diffusion  of 
thorium  to  the  surface  where  it  forms  a  monatomic  layer  which  possesses 
much  higher  electron  emission  than  pure  tungsten.  At  temperatures  above 
2000  K  the  thorium  evaporates  at  a  rate  which  exceeds  the  diffusion  to 
the  surface  with  a  resultant  decrease  in  electron  eraissivity. 
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The  effect  of  adding  thoria  to  tungsten  can  be  appreciated  if  one 
considers  the  change  in  microstructure  of  a  pure  tungsten  filament 
heated  by  alternating  current,  shown  in  Figure  2  [6*0.  When  large 
grains  extend  across  the  filament,  it  becomes  very  brittle  and  breaks 
apart  under  the  stresses  produced  by  the  thermal  expansion  on  heating 
and  cooling.  However,  if  randomly  distributed  second  phase  particles  of 
thoria  are  doped  into  the  tungsten,  the  grain  growth  is  limited.  As  a 
result,  there  is  a  limiting  grain  size  which  prevents  the  failure  of 
tungsten  filaments  by  brittle  fracture. 

If  the  volume  fraction  of  thoria  particles  is  "f",  the  number  of 
particles  intercepted  by  an  area  of  1  cm2  is  given  by. 

No.  of  particles  -  3f/2IIr2  (1) 

force  restraining  grain  boundary 

motion  -  3f nrtY( 1+cosa)  (2) 

When  the  force  balances  the  pressure  force  due  to  curvature,  grain 
growth  stops  and  a  limiting  grain  size  is  obtained  as 

R!  “  tl<rt/3f,(1*cosa)  ]  (3) 

This  is  based  on  the  assumption  that  the  interfaces  are  spherical  of 
radius  R^.  Thus  we  see  that  the  limiting  grain  size  depends  upon  the 
volume  fraction,  the  radius  and  the  contact  angle  "a"  of  the  second 
phase  particles. 


Figure  1.  Stability  relationships  of  refractory  oxides. 
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LARGE  GRAINS  AT 
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(d) 


Change  in  microstructure  of  a  pure  tungsten  filament  heated 
by  alternating  current. 
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1.3  Proposed  research  on  tungsten,  rhenium  additive  alloys 

It  has  already  been  established  that  rhenium  percentages  between 
two  and  five,  at  about  ten  and  near  twenty-five  in  tungsten  alloys 
maximizes  ductility  locally  and  tungsten,  25$  rhenium  offers  higher 
creep  strength  than  tungsten  to  over  1873  K.  Additions  of  thoria  and 
hafnium  carbide  in  the  order  of  1  and  0.3$  respectively,  further 
increase  creep  strengths,  ductilities  and  recrystallization  temperatures 
of  tungsten,  rhenium  alloys.  Thus,  parametric  evaluations  of  tungsten 
with,  3,  10,  25  and  30$  rhenium,  each  in  turn  modified  initially  with  1$ 
thoria  and  later,  with  0.3$  hafnium  carbide,  were  used  as  the  basis  for 
the  research  work. 

Until  1975,  data  on  pure  tungsten,  rhenium  alloys  prepared  by 
powder  metallurgy  were  lacking.  But  investigators  still  resorted  to 
powder  metallurgy  techniques  as  it  wa3  the  only  practical  method  of 
producing  tungsten  alloys  containing  a  thoria  dispersion.  Fusion 
processes  such  as  electron  beam  melting  or  arc  casting  would  be 
beneficial  because  the  impurity  concentrations  in  such  alloys  are  low, 
but  the  prohibitive  cost  and  the  fact  that  thoria  decomposes  at 
the  melting  temperature  of  tungsten  and  its  dilute  alloys,  prevent  them 
from  being  used  for  making  tungsten,  rhenium,  thoria  alloys.  Further, 
sintered  samples  have  a  small  grain  size  and  this  reduces 
recrystallization  processes  with  the  surface  impurities  of  oxygen, 
nitrogen  and  carbon  forming  resistance  to  diffusion  and  grain  growth. 
As  a  result,  it  was  decided  that  sintered  tungsten  with  3,  10,  25  and 
30$  rhenium,  would  be  investigated  in  the  thermionic  microscope ,  the 
emlssivity  measurement  apparatus  and  the  high  temperature  mechanical 
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testing  facility.  This  would  then  be  followed  up  with  identical 
investigations  on  each  of  the  above  mentioned  alloys  with  thoria 
added  to  it. 

1.3.1  Scientific  approach  and  merits  of  the  proposed  research 

Recrystallization,  ductility,  mechanical  strength,  work  function, 
spectral  emissivity  and  compositional  stability  were  some  of  the 
characteristics  that  were  considered  that  were  vital  to  high  temperature 
energy  converters.  Techniques  for  producing  and  sustaining  the  desired 
properties  were  investigated  from  a  microscopic,  mechanistic  point  of 
view.  As  there  was  limited  experimental  information  available  for  such 
systems,  a  baseline  system  was  examined  in  order  to  test  the 
experimental  models  developed.  It  was  proposed  to  add  getters  like 
thorium  and  hafnium  to  react  with  oxygen  and  carbon  and  improve  high 
temperature  strength,  ductility  and  recrystallization.  A  better 
understanding  of  high  temperature  thermal,  thermionic,  mechanical  and 
metallurgical  behavior  of  refractory  alloys,  was  considered  crucially 
essential  for  overcoming  the  material  problems  for  high  temperature, 
high  power  space  energy  conversion  systems. 

High  temperature  phenomena  are  often  only  inferred  through  room 
temperature  observations  following  high  temperature  treatment.  The 
present  research  activity  is  a  real  time  investigation  of  high 
temperature  surface  char act er i sti cs  and  electron  emission  to  obtain 
Information  on  complex  transport  and  reaction  mechanisms.  Some  very 
enlightening  information  was  expected  from  observing  high  temperature 
size  and  surface  composition  changes  of  grains  in  sintered  samples  of 


tungsten,  rhenium  with  appropriate  additions.  The  primary  additive 
(rhenium)  reduces  and  controls  embrittlement  and  recrystallization.  The 
gettering  additive  (thorium)  affects  the  base  metal  ductility  and 
recrystallization  by  producing  very  stable  oxides  and  carbides. 


2.  THERMIONIC  EMISSION  CHARACTERISTICS  OF  W,Re  AND  THORIATED  W,Re 

ALLOYS 

This  section  deals  with  the  information  on  research  pertaining  to 
the  thermionic  emission  microscopy  of  W,Re  and  thoriated  W,Re  alloys. 
The  theory  of  electron  emission  and  work  function  evaluation  is 
discussed  and  a  sequential  procedure  for  all  the  research  activities 
involved  has  been  established. 

2.1  Fundamentals  of  thermionic  emission  microscopy 

Thermionic  emission  microscopy  is  a  form  of  electron  microscopy 
where  the  specimen  itself  serves  as  a  source  of  electrons.  Electrons 
emitted  from  the  surface  of  a  heated  flat  bulk  specimen  is  focused 
through  a  suitable  lens  system  and  then  projected  at  a  useful 
magnification  onto  a  fluorescent  screen.  The  result  is  a  metallographic 
type  image  of  the  kind  usually  associatd  with  optical  microscopy.  The 
design  and  operation  of  a  thermionic  emission  microscope  requires 
coordination  of  two  physical  processes.  The  first  process  is  electron 
emission  from  a  specimen,  while  the  second  involves  the  formation  of  an 
image  with  these  electrons.  The  two  major  characteristics  that 
exemplify  the  usefulness  of  the  thermionic  emission  microscope  as  a 
research  tool  are;  a)  the  fact  that  it  represents  a  magnification  range 
which  bridges  that  between  optical  microscopy  and  the  more  conventional 
types  of  electron  microscopy,  and  b)  it  is  more  suited  to  elevated 
temperature  operation  than  other  forms  of  microscopy.  A  schematic  of 


the  principle  of  operation  of  a  thermionic  energy  converter  is  presented 
in  Figure  3  [44]. 


2.1.1  Thermionic  emission  and  work  function. 

The  Sommerfield  model  for  the  behavior  of  electrons  in  a  metal 
provides  the  simplest  view  of  the  theory  of  operation  of  a  thermionic 
emission  microscope.  This  is  indicated  schematically  in  Figure  [173. 
Here,  it  can  be  seen  that  the  potential  within  the  metal  is  assumed  zero 
while  that  outside  the  metal  is  given  some  finite  value,  V.  According 
to  this  model,  electrons  can  occupy  energy  states  within  the  metal  up  to 
the  level  Ej.,  the  Fermi  energy.  The  probability  that  a  particular  state 
is  occupied  is  given  by  the  Fermi  function, 

f (E)  -  {1/exp[(E-Ef)/kT]  +1)  (4) 

For  E  <  Ef  and 

T  -  0  K,  f (E)  -  [l / (e  *  +  1)]  -  [1/1]  -  1  (5) 

This  means  that  all  quantum  states  are  occupied  at  absolute  zero  while 
all  quantum  states  at  energies  greater  than  Ef  are  unoccupied. 

The  energy  difference  between  the  Fermi  energy  and  the  potential  to 
infinity  outside  of  the  metal  is  the  "work  function"  ($)  of  the  metal. 
Either  an  electron  absorbs  a  quantum  of  energy  or  it  does  not.  The 
energy  E  of  a  photon  is  proportional  to  the  frequency  of  the  light  or 

E  -  hv  (6) 

If  an  electron  is  given  an  amount  of  energy  hv,  then  in  order  to  escape 
from  the  metal,  it  must  use  up  an  amount  e»4>  of  this  energy.  The 
maximum  energy  an  electron  can  have  left  after  it  gets  out  of  the 
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Figure  U.  Schematic  view  of  the  potential  field  of  metal 


and  this  surfaces  as  the  kinetic  energy  of  the  emerging  particle, 


2.1.2  Work  function  evaluation  with  the  thermionic  emission  microscope 
The  thermionic  emission  microscope  is  a  device  which  is  used  to 

measure  the  elctron  emission  from  individual  grains  of  a  heated  sample. 
Basically,  the  sample  which  is  heated  by  the  bombardment  of  electrons 
from  a  tungsten  filament,  gives  out  electrons  from  the  surface  and  these 
electrons  are  focused  on  a  phosphor  screen  by  the  application  of  a  large 
positive  potential  difference.  Tne  phosphor  screen  displays  the  fine 
grain  structure  for  visual  observation  and  subsequent  emission 
micrograph  documentation.  Some  of  the  electrons  are  allowed  to  pass 
through  a  small  aperture  in  the  phosphor  screen  and  impinge  on  a  Faraday 
collector  that  registers  the  electron  flow  in  terms  of  a  current  flow. 
The  Faraday  collector  current  can  then  be  related  to  the  sample  electron 
current  density  by  the  following  equation; 

J  -  [(I.M*)/Aj  (8) 

o  c 

The  current  density  JQ  can  then  be  used  to  calculate  the  effective  work 
function  ( 4>e )  from  the  well  known  Richardson-Dushman  equation, 

Jq  -  A,T2  exp[-4>  /kT]  (9) 

2.1.3  Objectives  of  the  research  on  thermionic  emission 

The  objectives  of  the  research  on  thermionic  emission  were  to: 
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a)  Fabricate  sintered  alloys  of  tungsten  with  3atf,  10at$,  25at? 
and  30atf  of  rhenium  with  a  diameter  of  at  least  1.00  cms.  and  a 
porosity  of  less  than  10  percent. 

b)  Perform  thermionic  emission  microscope  examinations  of  the 
samples  in  a),  above  at  1900  to  2500  K  in  suitable  intervals. 

c)  For  each  test, 

i)  Observe  grain  size,  grain  growth  and  document  by 
photographic  enlargements. 

ii)  Measure  emission  of  grains  in  the  thermionic  microscope  and 
calculate  the  work  function. 

iii)  Perform  emission  scans  of  surfaces  to  determine  work 
function  variation  from  grain  to  grain. 

d)  Repeat  a),  b)  and  c)  above  for  each  one  of  the  tungsten,  rhenium 
alloys  with  an  addition  of  1  percent  thoria. 

2.2  Literature  survey 

E.  Eichen  [18]  who  has  spent  a  considerable  amount  of  time  and 
effort  in  reviewing  the  work  done  on  thermionic  emission  has  compiled  a 
list  of  applications  of  the  thermionic  emission  microscope.  From  his 
compilations  it  is  observed  that  it  is  a  very  useful  tool  and  is  capable 
of  doing  a  lot  more  than  provide  work  function  data  of  refractory  metals 
and  alloys.  Evaluation  of  the  work  functions  of  materials  using 
electron  emission  was  compiled  by  Michaelson  [M2]  who  Indicated  that 
refractory  materials  such  as  rhenium,  osmium,  iridium  etc.,  had  higher 
work  functions  than  polycrystalline  tungsten.  However  Br-wn  et  al.  [9] 
found  that  different  faces  of  a  tungsten  single  crystal  also  exhibited 
work  functions  (M.59  ±  0.2eV)  that  were  higher  than  that  of 
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polycrystalline  tungsten  (4.50 eV).  With  time,  the  applications  of  the 
technique  were  extended  to  phase  transformations  [19]  which  included 
both  polymorphic  transformations  and  precipitation  from  solid  solution, 
in  metallic  and  non-metallic  systems.  Heidenreich  [28]  proved  that  the 
thermionic  emission  microscope  could  be  used  for  the  direct  observation 
of  transformations  in  plain  carbon  steels  at  temperatures  above  900  K. 

Sandor  [57]  directed  his  efforts  toward  the  conception  of  a 
theoretical  basis  which  would  permit  reconciliation  of  all  the  phenomena 
observed  during  the  thermionic  emission  microscopy  of  barium  coated 
polycrystalline  nickel.  Forgacs  [21]  and  his  colleagues  developed  a 
temperature  recording  system  for  their  thermionic  emission  microscope 
and  with  the  known  temperature  of  metallurgical  phase  transformation, 
determined  the  accuracy  to  be  ±  5  K. 

Active  research,  evaluating  refractory  materials  for  thermionic 
energy  conversion  applications,  has  been  taking  place  since  the  late 
sixties  when  Savitski  et.  al.  [59]  determined  the  electron  work  function 
for  different  planes  of  molybdenum  single  crystals.  They  observed  work 
functions  of  4.9  ±  0.07eV  for  the  (110)  plane  and  4.35  ±  0.07eV.  for  the 
(100)  plane.  Protopov  [49]  and  others  measured  the  work  functions  of 
four  orientations  of  a  molybdenum  single  crystal  and  three  orientations 
of  a  tantalum  single  crystal  and  produced  results  consistent  with  former 
investigations.  Jacobson  et  al.  [30,  31 ,  29,  32,  33]  have  contributed 
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information  on  the  work  functions  of  various  refractory  materials  which 
have  potential  applications  in  high  temperature  thermionic  energy 
converters.  The  (1010)  crystallographic  orientation  of  rhenium  was 
found  to  have  an  effective  work  function  of  5.26  eV.  and  (110)  single 
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crystal  molybdenum  was  found  to  have  an  effective  work  function  of  H.90 
eV .  Correlations  between  the  effective  work  function  and 
crystallographic  orientation  were  developed.  Effective  work  functions 
of  nine  tungsten-base  alloys  were  determined,  some  of  which  exhibited 
anomalous  emission  areas  with  exceptionally  high  bare  work  functions, 
even  though  alloying  additions  were  in  very  small  quantities.  Lanthanum 
hexaborlde  was  also  tested  in  the  thermionic  emission  microscope,  and 
produced  a  work  function  of  H.29  ±  0.0H  eV. 

The  literature  considered  so  far  refer  to  work  function  evaluations 
of  Individual  grains  of  a  refractory  metal  or  alloy  in  the  thermionic 
emission  microscope.  However  the  average  work  function  of  the  entire 
surface  of  a  sample  can  be  obtained  in  a  vacuum  emission  vehicle  but  in 
this  device,  one  cannot  observe  the  specimen  surface  on  a  fluorescent 
screen  as  in  the  thermionic  emission  microscope. 

2.3  Material  characterization  and  sample  preparation. 

The  materials  fabricated  for  testing  in  the  thermionic  emission 
microscope  were  procured  from  Rhenium  Alloys  Inc.,  Cleveland,  Ohio.  The 
tungsten,  rhenium  alloys  with  3%,  10)1,  25$  and  30$  rhenium  were  sintered 
from  tungsten  and  rhenium  powder.  A  mass  spectrometer  spectrographic 
analysis  was  carried  out  before  sintering.  The  alloys  were  fabricated 
at  a  pressure  of  2.07x10*  N/m*  and  a  temperature  of  2500  K.  The  process 
was  carried  out  in  a  reducing  atmosphere  of  ultrapure  hydrogen.  The 
furnace  used  for  this  purpose  had  a  lining  of  molybdenum  to  withstand 
the  high  temperature.  The  rhenium  powder  was  99.9999 $  pure  and  the 
tungsten  powder  was  of  commercial  purity. 
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2.3*1  Mass  spectrometer  analysis,  electron  microprobe  analysis  and  x-ray 
spectrometer  analysis 

In  order  to  check  the  purity  level  of  the  powders  constituting  the 
tungsten,  rhenium  alloys,  a  mass  spectrometer  spectrogr aphic  analysis 
was  carried  out  on  each  of  the  tungsten  and  rhenium  powders.  The 
results  of  this  analysis  is  indicated  in  Table  3-  The  Impurities  were 
all  found  to  be  at  acceptable  levels.  The  table  also  indicates  the 
source  of  this  spectrogr aphic  analysis. 

After  the  samples  were  sintered  to  the  desired  configuration  they 
were  subjected  to  electron  microprobe  analysis  and  a  chemical  analysis 
by  x-ray  spectrometry.  A  small  portion  of  each  sample  was  observed,  at 
different  locations,  in  the  electron  microprobe  facility  in  order  to 
check  the  homogeneity  of  the  as-received  material.  The  results  of  the 
analysis,  as  indicated  in  Table  4,  reveals  that  the  alloys  with  lower 
percentages  of  rhenium  were  inhomogeneous  and  suitable  measures  were 
being  taken  to  improve  the  homogeneity  on  sintering. 

The  chemical  analysis  by  x-ray  spectrometry  gave  a  qualitative 
measure  of  the  chemical  composition  of  the  major  constituents.  Figures 
5  through  8  are  typical  outputs  of  the  x-ray  spectrometer  tests 
representing  the  various  peaks  for  th  1  various  tungsten,  rhenium  alloys. 
The  chromium  peaks  are  present  because  a  target  of  chromium  was  used  in 


the  tests. 


Elements 

(Spectrographic  analysis) 

ppm 

A1 

Ca 

Cr  Cu 

Fe 

K  Mg  Mn 

Mo  Na 

Ni 

Si 

Sn 

ft 

Tungsten 

<1 

<1 

<1  <1 

k 

<10  <1  <1 

10  9 

k 

<1 

<1 

ftft 

Rhenium 

- 

- 

<1 

8 

-  -  - 

<1 

- 

- 

- 

Analysis  conducted  by  Sylvania  chemical  and  Metallurgical 
Division,  PA. 

Loss  on  reduction  -  300  ppm;  Fisher  sub-sieve  size  -  ASTM  B330; 
Particle  size  -  2.12  pm;  Bulk  density  Scott  volumeter  -  ASTM 
„  B329  -  HO. 30  g/in. 

Analysis  conducted  at  National  Spectrograph! c  Labs,  OH. 


Table  H.  Results  of  electron  microprobe  analysis. 


Alloy 

Elements 

Concentrations 

at  Difference 

Positions 

1 

2 

3 

k 

5 

W 

.968 

.987 

.926 

.973 

.991 

W-3*Re 

Re 

.033 

.016 

.057 

.023 

.016 

Total 

1.001 

1.003 

.983 

.996 

1 .007 

W 

.87k 

.888 

•  81k 

.880 

7555 

W-IOtRe 

Re 

.082 

.062 

.137 

.075 

.105 

Total 

.956 

.950 

.951 

.955 

.960 

W 

.733 

.736 

.765 

.777 

.718 

W-25*Re 

Re 

.255 

.253 

.213 

.252 

.260 

Total 

.988 

.989 

.983 

1 .029 

.978 

■ 

.701 

.736 

.730 

.712 

.737 

W-30*Re 

.280 

.250 

.266 

.269 

.  2k6 

.981 

.986 

.996 

.981 

.983 

Facility:  Electron  microprobe  facility,  Chemistry  Department, 
Arizona  State  University. 

Staff:  Dr.  Peter  Buseck/Jim  Clark. 
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Figure  5. 


Output  for  chemical  analysis  by  x-ray  spectrometry  of  pure 
tungsten. 


Figure  6.  Output  for  chemical  analysis  by  x-ray  spectrometry  of 
tungsten,  10t  rhenium. 
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Figure  7.  Output  for  chemical  analysis  by  x-ray  spectrometry  of 
tungsten,  25}  rhenium. 


Figure  8.  Output  for  chemical  analysis  by  x-ray  spectrometry  of 
tungsten,  30}  rhenium. 


2.3.2  Thermionic  emission  sample  preparation,  fabrication  and  mounting. 

The  material  which  was  originally  in  button  form,  roughly  10.20  mm. 
in  diameter  and  12.70mm.  in  length  was  first  machined  to  9.80  mm  using  a 
four-faceted  tungsten  carbide  cutting  tool.  Because  of  the  brittle 
nature  of  the  alloys,  the  machined  surface  had  a  lot  of  dents  due  to 
particles  chipping  off  from  the  surface.  The  surface  was  eventually 
finished  (Figure  9)  on  the  electrical  discharge  machine,  with  a  copper- 
tungsten  electrode,  to  a  final  diameter  of  9.60  mm.  The  rod  was  then 
sliced,  using  a  special  diamond  cutting  wheel,  to  the  final  sample 
configuration  of  a  disc  with  a  diameter  of  9.60  mm  and  a  thickness  of 
2.60  mm.  The  electrical  discharge  machine  was  once  again  used  to  drill 
the  hohlraum  (or  black  enclosure)  which  had  a  diameter  of  0.70  mm  and  a 
length  of  7.00  mm  thereby  satisfying  the  condition  for  an  isothermal 
enclosure,  of  having  a  10:1  length  to  diameter  ratio. 

The  emitting  surface  of  each  sample  was  polished  with  240,  300,  420 
and  600  grit  carborundum  wet/dry  paper  and  then  lapped  with  3  ym. ,  0.1 
vim,  and  0.05  vim.  alumina  slurries,  to  get  a  mirror  finish.  Each  sample 
was  then  thoroughly  cleaned  by  ultrasonic  cleaning  in  0 akite-HD  126, 
deionized  water  and  acetone  before  being  mounted  in  the  tantalum  holder 
shown  in  Figure  10,  along  with  the  rest  of  the  emitter  assembly.  The 
sample  was  held  in  position  by  a  tungsten  pin  passing  through  the 
holder.  The  holder  which  was  electron  beam  welded  to  a  molybdenum  plate 
had  a  groove  that  exposed  the  hohlraum  to  be  viewed  by  the  optical 
pyrometer. 

The  emitter  assembly,  designed  to  accommodate  the  sample  consisted 
of  a  circular  molybdenum  plate  to  which  a  tantalum  tube  was  electron 
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beam  welded  to  withstand  the  high  temperatures.  The  molybdenum  plate 
was  in  turn  connected  to  the  fixture,  for  holding  the  tungsten  filament, 
with  ceramic  insulators  thereby  isolating  the  filament  from  the  sample. 
Extreme  caution  was  exercized  in  locating  the  filament  below  the  sample, 
as  the  filament  thermally  expands  when  heated  to  high  temperatures  and 
this  might  lead  to  a  short  circuit  between  the  sample  and  the  filament. 
The  molybdenum  plate  was  also  fastened  to  the  x,y,z  mechanism  at  the 
head  of  the  microscope  so  that  the  sample  could  be  manipulated  in  all 
three  directions  for  magnification  measurements  as  well  as  image 
scanning. 

2.1)  Description  of  apparatus  used 

The  thermionic  emission  microscope  was  originally  designed  at  the 
Electro  Optical  Systems  Division  of  "XEROX"  in  1966.  However,  it  has 
been  subjected  to  a  series  of  modifications  in  order  to  enhance  its 
performance.  The  microscope  and  its  accessories,  shown  in  Figure  11, 
essentially  consists  of  an  electron  source  that  is  heated  in  the 
neighborhood  of  1750  to  2250  K  with  a  tungsten  filament.  The  electrons 
emitted  from  the  surface  are  drawn,  through  a  system  of  lenses  and  drift 
tube,  to  the  Faraday  collector  by  the  imposition  of  suitable  potentials. 
The  electrons  collected  at  the  Faraday  cage  are  allowed  to  pass  through 

_ >  i  .u 

an  electrometer  which  measures  currents  of  the  order  of  1 0  to  10 

.  » 

amps.  The  device  is  operated  with  a  vacuum  of  10  torr  and  the 
temperature  of  the  specimen  is  measured  with  a  calibrated  optical 
pyrometer.  There  is  a  phosophor  screen  at  the  end  of  the  drift  tube 
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Experimental  layout  for  thermionic  emission 


which  allows  real  time  grain  boundary  movements  to  be  observed  during 
the  test. 

The  entire  set  up  can  be  divided  into  four  categories  based  on 
their  respective  functions.  These  are: 

2.4.1  The  vacuum  system 

The  performance  of  the  thermionic  emission  microscope  is  similar  to 

that  of  an  electron  gun  necessitating  the  presence  of  a  vacuum  in  order 

to  eliminate  particle  interference  with  the  electron  beam  and  at  the 

same  time  minimize  oxidation  of  the  sample  by  contaminants  at  elevated 

temperatures.  A  sorption  roughing  pump  was  used  to  bring  the  vacuum 

_  2 

level  down  to  the  10  torr  range,  while  an  ion  pump  reduced  the 
pressure  to  better  than  10  torr.  A  thermocouple  gauge  measured  the 
rough  vacuum  while  an  ionization  gauge  measured  the  high  vacuum. 

2.4.2  The  sample  heating  system 

The  sample  was  heated  by  electron  bombardment,  shown  in  Figure  10. 
An  alternating  current  power  supply  was  used  to  heat  the  filament.  A 
potential  difference  imposed  between  the  sample  and  the  filament 
produces  the  electron  bombardment  for  heating. 

2.4.3  Thermionic  emission  and  collection 

Figure  12  depicts  a  block  diagram  indicating  the  movement  of 
electrons  from  the  emitter  (sample)  to  the  collector  (Faraday  cage). 
Electrons  given  out  by  the  heated  sample  pass  through  a  system  of 
objective  immersion  electrostatic  lenses  and  a  drift  tube  before 
striking  the  phosphor  screen  and  producing  an  inverted  image  of  the 


sample.  A  small  hole  In  the  screen  allows  a  portion  of  the  electrons  to 
be  transmitted  to  the  Faraday  cage  to  give  a  measure  of  the  current 
density. 

2.4.3. 1  Electrical  schematic  and  potential  distribution. 

The  electrical  circuit  for  the  system  is  shown  in  Figure  13  where 
the  emitter  assembly  was  connected  to  a  three  pronged  electrical 
feedthrough  by  copper  wires  that  were  capable  of  supporting  a  current  of 
at  least  20  amps.  A  NJE  15V,  20A,  power  supply  provided  the  necessary 
power  to  the  filament.  A  1500  volts  bombardment  heating  supply  was 
connected  across  the  negative  filament  lead  and  the  sample  lead.  A 
Sorenson  30  KV,  high  voltage  power  supply  provided  a  symmetrical  high 
positive  voltage  to  the  lens  and  screen  assembly  to  accelerate  the 
electrons.  The  Fluke  407D  supplied  the  necessary  small  negative  voltage 
to  the  sample  while  the  decelerating  grid  received  its  power  from  a  HP, 
320V  power  supply.  The  inner  Faraday  cage  was  connected  to  the 
electrometer  and  the  guard  ring  was  connected  to  an  inactive 
electrometer  to  match  the  resistances  in  the  inner  and  outer  cups.  The 
potential  distribution  along  the  longitudinal  axis  of  the  microscope  is 
presented  in  Figure  14. 

2. 4. 3. 2  Sample  voltage  and  decelerating  voltage  for  saturated  emission. 

In  order  to  improve  the  efficiency  of  electron  emission  from  the 

sample,  it  is  necessary  to  overcome  the  space  charge  barrier  at  its 
surface.  This  was  easily  overcome  by  applying  a  small  negative 
potential  that  penetrated  the  space  charge  barrier  and  repelled  the 
electrons  from  its  surface.  The  actual  value  of  this  potential  was 
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Figure  12.  Block  diagram  for  the  movement  of  electrons. 
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Figure  13-  Electrical  schematic  for  thermionic  emission 


arrived  at  by  gradually  increasing  the  sample  voltage  from  zero  volts 
and  observing  the  electron  emission  current. at  various  stages  while  the 
sample  was  heated  up  to  its  operating  temperature.  The  results  of  this 
test  have  been  plotted  in  Figure  15  where  it  can  be  seen  that  the 
saturated  emission  occurs  at  a  sample  voltage  of  -50  volts. 

Electrons  that  pass  through  the  screen  aperture  are  extremely  high 
energy  electrons  which,  if  not  taken  care  of,  would  result  in  secondary 
electron  emission  and  an  improperly  focused  electron  beam  both  of  which 
would  introduce  an  error  in  the  measurements  at  the  collector.  The 
decelerating  grid,  with  a  negative  potential  on  it,  slows  down  the 
electrons  and  minimizes  the  effects  mentioned  above.  Again,  in  this 
case,  the  variation  of  sample  electron  emission  with  decelerating 
voltage  was  studied  to  arrive  at  a  value  of  -200  volts  for  saturated 
emission.  The  plot  for  this  study  is  indicated  in  Figure  16. 

2.H.3.3  Faraday  cage  assembly  and  modifications 

All  the  major  parts  of  the  Faraday  cage  assembly  viz.  the 
decelerating  grid,  the  guard  ring  and  the  Faraday  cup  were  electrically 
separated  by  suitable  ceramic  insulations.  The  decelerating  grid 
prevents  secondary  electron  emission  and  refocuses  the  electron  beam. 
The  guard  ring  eliminates  stray  electric  and  magnetic  fields  and 
prevents  current  leakage  around  the  collector.  The  Faraday  cup  collects 
the  electrons  and  transmits  it  to  the  electrometer  in  a  coaxial  cable 
through  a  system  of  adjustable  bellows  and  dual  current  feedthroughs. 
The  bellows  was  used  to  move  the  collector  around,  without  touching  the 
screen  insert,  in  order  to  get  maximum  current  throughput.  The 
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Figure  15.  Variation  of  emission  current  with  sample  voltage. 
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Variation  of  emission  current  with  decelerating  voltage 


components  of  the  Faraday  cage  assembly  are  shown  In  Figure  17  [61]  and 
Figure  18  [61]  is  a  photograph  of  the  entire  assembly  along  with  the 
adjustable  bellows  and  the  dual  current  feedthrough  which  was  specially 
designed  and  constructed  for  this  application.  A  copper  screen  was 
built  around  the  collector  feedthrough  to  further  prevent  stray  electric 
and  magnetic  fields  from  affecting  the  current  readings  in  the 
electrometer . 

2.  it.  Temperature  measurement  system 

Because  of  the  high  temperatures  involved  and  the  fact  that  the 
sample  was  electrically  hot,  it  was  impossible  to  use  a  sensor  that 
relies  on  contact  to  produce  temperature  output.  Thus  an  optical 
pyrometer  was  used  for  measuring  specimen  temperatures.  This  was  done 
by  comparing  the  intensity  of  the  filament  in  the  calibrated  pyrometer 
with  that  of  the  hohlraum  on  the  side  of  the  sample.  However,  the 
hohlraum  was  viewed  through  a  system  of  neutral  density  filters  in  the 
pyrometer  and  a  sapphire  viewport  and  thus  it  was  essential  to  calibrate 
the  pyrometer  with  a  constant  temperature  source.  Figure  19  is  a 
photograph  of  the  optical  pyrometer  being  directed  towards  the  heated 
sample  through  the  viewport. 

2.H.14.1  Optical  pyrometer  calibration 

The  optical  pyrometer  was  calibrated  with  a  constant  temperature 
NBS  (calibrated)  tungsten  ribbon  filament  lamp  with  a  notch  in  the 
centre  to  locate  and  compare  filament  intensities.  The  sapphire 
viewport  was  placed  between  the  pyrometer  and  the  lamp.  The  electrical 
circuit  for  calibration  is  shown  in  Figure  20  and  the  results  of  the 


Figure  20.  Electrical  circuits  for  pyrometer  calibration. 


calibration  are  plotted  in  Figure  21.  The  details  of  all  the  components 
of  the  system  are  given  in  Appendix  -  1  and  some  technical  data  on  the 
thermionic  emission  microscope  is  presented  in  Appendix  -  2. 

2.5  Experimental  procedure 

The  first  part  of  the  procedure  was  to  assemble  the  various 
components  of  the  microscope.  The  lenses,  drift  tube  and  screen 
assembly  were  bolted  to  the  inside  of  the  microscope,  after  being 
thoroughly  cleaned  in  Oakite-HD  126,  acetone,  and  finally  deionized 
water.  A  small  diameter,  low  power  laser  gun  was  used  to  align  all  the 
parts  in  the  path  of  the  electrons.  The  Faraday  cage  assembly  along 
with  the  bellows  and  electrodes,  was  then  bolted  onto  the  microscope. 
The  emitter  assembly  was  the  last  part  to  be  installed  inside  the 
microscope.  The  rest  of  the  procedure  consists  of  conducting  the  test 
in  two  stages.  The  first  stage  was  the  vacuum  annealing  stage  to  study 
the  grain  growth  characteristics  and  establish  stability  of  grain  size 
and  the  second  stage  was  the  work  function  measurement  of  selected 
grains  at  various  temperatures. 

2.5.1  Vacuum  annealing  for  grain  size  stability 

For  vacuum  annealing,  the  sample  was  cleaned,  fixed  in  the  emitter 

assembly  and  then  mounted  in  the  head  of  the  microscope.  The  microscope 

wa3  then  sealed  and  the  sorption  pump  activated  with  liquid  nitrogen  for 

_  s 

preliminary  roughing.  When  a  roughing  vacuum  of  3x10  torr  was 
attained,  the  vac-ion  pump  was  started.  A  glow  appeared  in  the 
microscope,  but  its  intensity  decreased  and  finally  disappeared  after 
the  sorption  pump  was  isolated.  The  entire  microscope  assembly  was  then 


38 


baked  at  473  K  to  produce  an  ultimate  vacuum  of  5x10  torr.  At  this 
stage,  all  the  electrical  connections  were  made  and  the  filament  heated 
up  with  an  a.c.  power  supply  of  16  amps.  The  sample  was  then  heated  up 
with  a  bombardment  current  of  about  300  ma.  and  brought  to  the  required 
temperature  of  2000  K.  The  sample  voltage,  the  decelerating  voltage  and 
the  accelerating  voltage  of  10  kV  were  imposed  to  bring  the  electrons 
and  form  an  illuminated  image  on  the  phosphor  screen.  The  image  clarity 
was  improved  by  manipulating  the  x,y,z  mechanism.  A  camera  was  set  up 
to  take  pictures  of  a  particular  grain  on  the  image.  Pictures  were 
taken  at  thirty  minute  intervals  for  twelve  hours  when  grain  size 
stability  was  observed. 

2.5.2  Measurements  for  work  function  evaluation 

The  Faraday  cage  and  electrometer  connections  were  then  made  for 
work  function  evaluation.  A  suitable  area  on  the  image,  with  five 
grains  of  varying  intensities  was  chosen  and  focused  for  emission 
measurement.  The  sample  was  heated  to  1950  K  and  current  measurements 
were  made  by  moving  the  image  such  that  the  Faraday  cup  was  directed 
towards  the  grain  of  interest.  At  the  end  of  each  test  the 
magnification  of  the  image  was  determined  by  using  the  movement  of  a 
distinct  feature,  at  the  centre  of  the  image,  from  one  end  to  the  other. 
Thi3  was  repeated  at  temperatures  of  2050  K,  2150  K,  2240  K  and  2350  K. 
The  respective  work  functions  were  then  evaluated  using  the  emission 
current,  the  magnification  and  the  Richardson-Dushman  Equation.  The 
entire  procedure  was  repeated  for  the  thoriated  tungsten,  rhenium 


alloys . 


2.6  Results  and  discussion 


Table  5  and  Table  6  represent  the  emission  results  for  the 
tungsten,  rhenium  samples  and  those  for  the  thoriated  tungsten,  rhenium 
are  provided  in  Table  7  and  Table  8.  Each  sample  was  observed  while  it 
was  being  vacuum  annealed  at  2000  K,  and  emission  micrographs  recorded 
to  study  the  kinetics  of  grain  growth,  on  the  same  lines  as  Rouze  [55] 
and  Nutting  [^6].  However  it  was  found  that  the  grains  under 
consideration  had  already  assumed  a  fairly  steady  state  and  no 
appreciable  growth  was  detected  as  shown  in  Figure  22  and  Figure  23. 
This  indicated  that  the  structure  of  each  sample  had  stabilized  which  is 
necessary  for  work  function  measurements  that  are  very  sensitive  to 
factors  affecting  the  surface  of  the  sample.  It  was  also  found  that  the 
recrystallized  grain  size  decreased  with  increasing  rhenium  content. 
This  indicates  that  the  addition  of  rhenium  delays  the  recrystallization 
of  tungsten,  by  promoting  twinning  during  deformation  [Hi].  Rhenium  is 
believed  to  lower  the  lattice  resistance  to  dislocation  of  the  parent 
metal,  resulting  in  solid  solution  softening  of  b.c.c.  metals.  Excess 
rhenium  above  the  solubility  limit  (27f)  in  tungsten  does  not  inhibit 
recrystallization  as  does  lower  percentages.  This  procedure  intended 
for  the  study  of  grain  growth  kinetics  was  not  carried  out  for  the 
thoriated  samples. 

2.6.1  Effective  work  functions  of  W,Re  alloys 

The  work  function,  as  depicted  by  Michaelson  [i)2]  is  a  periodic 
function  of  atomic  number.  It  is  for  this  reason  that  we  find  a  large 
difference  in  the  effective  work  functions  of  polycrystalline  tungsten 
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Table  7.  Emission  results  for  W,  IJThO*  and  W,  10?ne,  IjThO,  samples 
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($  -  4.5eV)  and  polycrystalline  rhenium  (41  -  4.9eV)  even  though  the 
difference  in  atomic  number  is  Just  one.  From  the  results  obtained  we 
notice  that  some  of  the  values  for  average  effective  work  function  do 
exceed  4.9eV.,  but  this  arises  from  the  fact'  that  the  representati ve 
grains  have  different  orientations  and  work  function  is  a  strong 
function  of  crystal  orientation.  The  authenticity  of  the  values 
obtained  was  derived  from  the  fact  that  the  measurements  were  calibrated 
with  a  rhenium  sample  originally  tested  by  Jacobson  [31].  The  repeat 
tests  revealed  a  work  function  that  was  well  within  the  experimental 
error  limitations  of  ±  0.04eV.  This  error  limit  was  determined  by 
combining  the  experimental  accuracies  from  the  measurements  of  electron 
current,  temperature,  area  and  electric  field. 

Figure  24  is  a  summary  of  the  emission  test  on  W,3%  Re.  The 
emission  micrograph  has  five  grains  numbered  in  order  of  decreasing  or 
increasing  Intensities  corresponding  to  increasing  or  decreasing  work 
functions.  The  grains  represent  the  average  intensities  on  the  image 
and  are  considered  to  be  a  representative  of  the  entire  surface  even 
though  they  actually  cover  less  than  five  percent  of  the  emitter  area. 
At  a  given  temperature,  there  were  five  current  readings  recorded, 
corresponding  to  the  five  grains  and  the  average  of  these  readings  is 
shown  in  this  table.  Further,  the  average  effective  work  function 
increases  with  increase  in  operating  temperature,  as  expected  from  the 
R-D  equation.  Figures  25  through  27  are  similar  summaries  for  the  W,10l 
Re,  the  W,25 %  Re  and  the  W,30%  Re  samples. 

Figure  28  is  the  variation  of  average  effective  work  function  with 
operating  temperature.  As  can  be  seen,  the  work  function  in  each  case, 


EXPT.  EMISSION  MICROGRAPH  cAMp|  F+  ACTUAL  EFFECTIVE  WORK 

NO.  (WITH  GRAIN  NUMBERS)  SAM  LE  TEMPERATURE  (°K)  FUNCTION  *  (eV) 


ro 

in 

CD 

CD 

CD 

CD 

^  ■ 

CM 

in 

CD 

CM 

o 

CM 

CM 

CM 

CM 

®  © 


*», 


I*. 


k 


Summary  of  work  function  measurements 
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Summary  of  work  function  measurements 


AVERAGE  EFFECTIVE  WORK  FUNCTION  (eV) 


Figure  28.  Variation  of  average  effective  work  function  with  sample 
temperature. 


increases  with  temperature,  the  maximum  increase  being  registered  by  the 
W,3$  Re  sample  and  the  minimum  increase,  by  the  W,30$  Re.  However 
Figure  29  is  a  more  appropriate  variation  as  the  work  function  parameter 
P,  takes  into  consideration  the  temperature  as  well  as  the  work  function 
between  the  upper  and  lower  temperature  limits.  Here  we  see  that  the 
rate  of  increase  of  work  function  with  temperature  is  almost  the  same 
for  the  W , 3%  Re,  the  W,10$  Re  and  the  W,25t  Re  samples  but  it  trails  the 
temperature  quite  a  bit,  for  the  W,30$  Re  sample.  This  could  be  due  to 
the  presence  of  a  second  phase  of  rhenium  which  has  a  solubility  limit 
of  27 t  in  tungsten.  These  results  could  well  be  used  as  an  initial  step 
in  studying  the  diffusivity  of  rhenium  in  tungsten. 

Figure  30  shows  the  variation  of  average  effective  work  function 
with  rhenium  content  in  tungsten.  Beyond  1 0%  Re,  the  work  function 
increases  with  rhenium  content  and  this  could  be  expected  as  the  work 
function  of  pure  tungsten  is  lower  than  that  of  pure  rhenium.  However, 
there  is  a  decrease  in  work  function  in  the  3t  Re  to  10$  Re  range,  a 
behavior  which  was  observed  in  an  earlier  investigation  by  Jacobson 
[29].  This  anomalous  behavior  is  similar  to  that  of  other  properties  of 
W,Re,  such  as  microhardness,  spectral  emissivity,  electrical 
resistivity,  etc.  investigated  earlier,  in  that  they  all  exhibit  minimum 
values  at  around  5$  Re.  This  has  been  attributed  to  the  change  in 
ductility  at  this  percentage  of  rhenium  and  it  would  certainly  prove  to 
be  enlightening  to  study  the  effect  of  ductility  on  the  average 
effective  work  function  of  sintered  W,Re  alloys. 
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Figure  30.  Variation  of  average  effective  work  function  with  rhenium 
content . 


2.6.2  Effective  work  functions  of  thoriated  W,Re  alloys 


A  summary  of  the  results  of  the  tests  conducted  on  the  four 
thoriated  tungsten  rhenium  alloys,  is  provided  in  each  of  the  Figures 
31,  32,  33  and  34.  The  variation  of  the  average  effective  work  function 
with  sample  temperature  and  rhenium  content  are  shown  in  Figure  35  and 
Figure  36  respectively.  As  in  the  case  of  W,Re,  each  emission 
micrograph  has  five  grains  numbered  on  it,  representing  increasing  or 
decreasing  intensities.  Current  readings  were  recorded  from  each  grain 
at  each  temperature  and  then  averaged  out  to  give  the  average  effective 
work  function  of  that  sample  at  that  operating  temperature. 

The  plots  in  Figure  35  represent  the  variation  of  average  effective 
work  function  with  sample  temperature.  As  in  the  case  of  W,Re  the  work 
functions  for  each  sample  were  found  to  increase  with  temperature.  This 
would  be  expected  from  any  sample  because  the  increase  in  temperature 
dominates  over  the  increase  in  current  density  in  the  Richardson-Dushman 
equation.  When  compared  to  corresponding  plots  for  W,Re  alloys  in 
Figure  28,  we  observe  that  there  is  a  marginal  increase  in  the  work 
function  values.  This  is  the  effect  of  adding  thoria  which  by  itself 
has  a  bare  work  function  of  6.3eV  and  together  with  polycrystalline 
rhenium  which  also  has  a  higher  bare  work  function  than  tungsten, 
generally  tends  to  increase  the  average  effective  work  function. 
However  the  variation  of  work  function  with  temperature  for  the 
thoriated  samples  over  the  investigated  temperature  range  was  found  to 
be  less  than  that  for  tungsten^rhenlum.  This  effect  is  probably  derived 

from  the  fact  that  above  2100  K  some  of  the  thorium  that  might  have  been 

* 

at  the  surface  at  lower  temperatures,  evaporates  and  at  higher 
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Summary  of  work  function  measurements 


Figure  34.  Summary  of  work  function  measurements  for 


AVERAGE  EFFECTIVE  WORK  FUNCTION  (eV) 


SAMPLE  TEMPERATURE  (°K)-*- 

Figure  35.  Variation  of  average  effective  work  function  with  sample 
temperature  for  thoriated  W,Re. 


temperatures  the  evaporation  rate  is  faster  than  the  diffusion  to  the 
surface.  Thus  at  temperatures  above  2200  K  the  work  function  of  the 
thoriated  W,Re  alloy  approaches  that  of  the  W,Re  alloy. 

Figure  36  indicates  the  variation  of  average  effective  work 
function  of  the  thoriated  samples,  with  increase  in  rhenium  content. 
The  anomalous  behavior  that  was  observed  for  the  tungsten,  rhenium 
alloys  was  observed  only  at  1933  K  for  the  thoriated  samples.  At  higher 
temperatures  there  was  a  gradual  increase  in  the  work  function  with 
addition  of  rhenium.  The  addition  of  thoria  generally  tends  to  reduce 
the  ductility  of  tungsten,  rhenium  which  could  have  resulted  in  the 
increase  in  work  function  values  for  the  W,10$  Re,  lit  Th02  sample. 
This,  together  with  the  anomalous  behavior  for  the  W,Re  alloys  in  the 
range  of  5 %  to  20$  Re,  is  evidence  for  the  support  of  the  argument  that 
work  function  may  have  a  strong  dependence  on  the  ductility  and  this 
would  certainly  merit  further  investigation. 


AVERAGE  EFFECTIVE  WORK  FUNCTION  (eV) 


3.  EFFECT  OF  TEMPERATURE  ON  THE  EMISSIVITY  OF  W,Re  AND  THORIATED  W,Re 

ALLOYS 

Developing  materials  with  superior  thermal  properties  to  produce 
higher  source  and  sink  temperatures  necessitates  the  availability  of 
accurate  high  temperature  materials  data.  Alloying  the  base  metal 
tungsten  with  rhenium  and  thoria  changes  the  thermionic  work  functions 
of  the  surfaces.  Since  work  function  is  a  surface  characteristic,  its 
change  is  brought  about  by  a  physical  change  on  the  surface  of  the 
sample  being  tested  and  this  would  certainly  affect  other  properties 
that  are  dependent  on  the  nature  of  the  surface.  At  elevated 
temperatures,  spectral  emissivity  is  one  such  property  that  deserves 
investigation,  preferably  with  accurate  methods.  Here,  we  present  the 
results  of  the  emissivity  measurements  on  sintered  tungsten,  rhenium  and 
thoriated  tungsten,  rhenium  alloys.  A  photon  counting  pyrometer  of  very 
high  precision,  built  at  Arizona  State  University  and  calibrated  at  Los 
Alamos  National  Laboratories  was  used  for  these  studies. 

3.1  Introduction  to  elevated  temperature  emissivity  measurement 

Measurement  of  emissivity  of  material  surfaces  at  high  temperatures 
was  attempted  in  the  early  1900s.  However  the  techniques  developed  were 
not  perfected  until  the  middle  of  the  century  when  Devos  [15]  measured 
the  emissivity  of  a  straight  rolled  tungsten  strip,  by  comparing  the 
spectral  radiant  intensity  of  the  wall  with  that  of  a  hole  in  a  tubular 
black  body  to  which  the  tungsten  ribbon  was  shaped.  Emissivities  were 
evaluated  as  a  function  of  wavelength  in  the  region  0.23  -  2.7  um,  for 
temperatures  ranging  from  1600  K  to  2800  K.  Since  then  a  number  of 
techniques  such  as  reflection  methods,  black  body  as  part  of  the 
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specimen,  etc.  have  been  developed  and  improved.  Gubareff  [24]  and  his 
associates  have  compiled  data  on  tungsten  and  this  includes  the 
emissivity  at  different  temperatures  and  wavelengths  of  thermal 
radiation.  They  found  that  in  the  wavelength  range  of  0.2  pm  to  0.7  pm. 
the  emissivity  decreased  with  temperature  but  observed  a  contradictory 
behavior  for  wavelengths  greater  than  1  pm.  Petrov  [48]  and  Sadykov 
[56]  of  the  U.S.S.R.  were  responsible  for  developing  an  experimental 
apparatus  for  determining  the  integral  emissivity  of  metals  and  alloys 
at  high  temperatures  and  determining  the  temperature  dependence  of  the 
radiating  power  of  metals,  respectively.  The  former  used  the  apparatus 
to  measure  the  integral  emissivity  of  molybdenum,  which  was  found  to 
vary  from  0.13  at  1300  K  to  0.29  at  2890  K.  The  latter  found  that  there 
was  a  cut-off  wavelength  above  which  the  spectral  emissivity  increased 
with  temperature  but  below  which  it  decreased  with  temperature. 

Branstetter  and  Schaal  [8]  studied  the  emittance  of  small  cavities 
and  came  up  with  the  fact  that  a  cylindrical  enclosure  can  be  treated  as 
an  isothermal  enclosure  only  if  it  has  a  length  to  diameter  ratio  of  at 
least  10:1.  Since  this  period,  cylindrical  holes  with  an  adequate 
length  to  diameter  ratio  have  been  used  to  approximate  isothermal 
enclosures.  The  integral  hemispherical  emissivity,  of  the  IV  B  group 
metal,  was  determined  [73]  and  its  dependence  on  electronic  structure 
was  also  considered.  The  emissivity  was  found  to  increase  with 
temperature  in  each  of  the  materials,  titanium,  zirconium  and  hafnium 
but  only  to  a  very  small  extent.  The  type  of  photon  counting  pyrometer 
with  which  the  experiments  were  conducted  was  originally  designed  at  Los 
Alamos  National  Laboratory  by  E.K.  Storms  and  B.A.  Mueller  [66]  in  1978. 
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They  improved  temperature  measuring  techniques  considerably,  especially 
at  high  temperatures,  by  constructing  the  photon  counting  pyrometer  with 
commercially  available  equipment  and  were  able  to  measure  temperatures 
from  1  400  K  to  above  2200  K  within  1  K  of  the  International  temperature 
scale. 

Measurement  of  high  temperatures  and  subsequent  emissivities  by 
means  of  optical  pyrometry  involves  a  number  of  cumulative  errors. 
Quinn  [50]  reviewed  the  methods  available  for  the  calculation  of 
emissivity  and  gave  guidelines  for  the  minimization  of  errors  due  to  the 
absence  of  temperature  uniformity  and  so  on.  With  the  advent  of  liquid 
metal  applications  such  as  heat  pipes,  thermal  energy  storage 
capacitors,  etc.,  it  has  become  increasingly  important  to  measure  the 
emissivities  of  liquid  metals,  which  are  operating  at  high  temperatures. 
Ratanpupech  and  Bautista  [52]  measured  the  normal  spectral  emissivities 
of  liquid  iron,  liquid  nickel  and  liquid  iron,  nickel  alloys  at  a 
wavelength  of  0.645  um.  The  emissivities  were  found  to  be  fairly 
constant  at  0.346  for  iron  and  O.S^O  for  nickel  over  the  entire 
temperature  range.  Shur  et  al .  [62]  measured  the  integrated  hemispheric 
emissivity  of  titanium  iodide  in  the  temperature  interval  of  1100  to 
1900  K  and  observed  that  there  was  a  sudden  change  in  emissivity  at  1165 
K  when  the  polymorphic  transformation  occurs.  Yashiko  Ohwada  [47] 
compared  numerical  results  of  spectral  and  total  emissivities,  among 
cylinders,  cones,  double  cones,  etc. 

The  photon  counting  pyrometer  was  most  recently  used  [7]  to  obtain 
emissivity  data  at  high  temperatures  for  hafnium,  iridium,  molybdenum. 


niobium,  ruthenium,  tantalum  and  other  alloys  of  interest  in  thermionic 
energy  conversion  application. 

3.1.1  Theory  of  operation  of  the  photon  counting  pyrometer 

The  photon  counting  pyrometer  is  a  device  which  operates  on  the 
basis  of  Planck’s  law  which  states  that  the  energy  emitted  by  a  target 
is  a  function  of  its  temperature  and  the  wavelength  of  emitted 
radiation.  On  this  basis  one  can  extrapolate  the  temperature  scale 
above  a  reference  temperature,  which,  in  this  case,  was  the  melting 
point  of  copper.  Radiation  flux  at  a  known  wavelength  is  measured  by 
the  pyrometer  and  converted  to  temperature.  In  this  pyrometer,  a 
photomultiplier  tube  measures  the  radiation  flux  directly  from  the 
source,  thereby  eliminating  uncertainties  such  as  using  the  eye  to 
compare  the  flux  with  that  from  a  lamp,  the  characteristics  of  which  may 
not  have  been  established.  The  greater  stability  of  the  digital  mode  of 
operation  and  the  simplicity  with  which  it  can  be  calibrated  has  made 
this  a  very  accurate  pyrometer  for  general  laboratory  use. 

Figure  37  shows  a  schematic  of  the  photon  counting  pyrometer  and 
the  various  elements  through  which  radiation  of  a  known  wavelength 
(0.535  um)  has  to  pass  before  It  is  recorded  and  printed.  Figure  38  is 
a  photograph  of  the  actual  pyrometer  mounted  on  an  adjustable  tripod. 
Pulses  produced  by  light  striking  the  photomultiplier  are  amplified  and 
counted  with  a  very  low  lead  time,  permitting  the  measurement  of 
counting  rates  up  to  107  per  second.  ^X)Ie  photomultiplier  tube  which 
corresponds  to  a  particular  level  of  excitation  voltage  was  tested  along 
with  the  discriminator  amplifier,  at  different  levels  of  threshold  and 
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excitation  voltages.  The  plateau  region  of  the  count  rate~voltage  curve 
occurred  at  1400  volts  and  so  the  tube  was  operated  at  this  voltage  in 
order  to  obtain  a  linear  response  in  the  expected  temperature  range. 
The  photon  counter  was  calibrated  with  a  black  body  source  at  a  known 
temperatur e.  In  this  case  a  copper  furnace,  operated  by  Dr.  E.  Storms 
at  Los  Alamos  National  Laboratories,  was  used  for  calibration.  The  dead 
time  of  the  counting  circuits  and  the  light  attenuation  factors  were 
determined  for  the  various  filters  with  the  Equation  -  10, 
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The  count  rate  in  the  absence  of  a  filter  and  no  dead  time  is  then  given 
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3.1.2  Temperature  and  emissivity  evaluation 

Plank's  spectral  distribution  of  emissive  power  is  given  by  [63] 
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The  ratio  of  the  corrected  number  of  counts  at  the  calibration 
temperature  T0  to  that  at  any  other  temperature  T,  is 
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Wien's  formula  gives  equation  (15)  where  e 


>>  1. 


C2 


or 
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This  is  further  simplified  to  give  the  unknown  temperature 
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Substituting  suitable  values  in  Eqn.  (16)  produces 
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The  directional  spectral  emissivity  is  defined  as 
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which  is  further  simplified  to 
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Table  9  gives  all  the  parameters  of  interest  that  were  obtained  during 
calibration. 

3.1.3  Primary  objectives  on  emissivity  evaluation. 

To  measure  the  emissivities  in  the  temperature  range  of  1300  K  to 
2500  K  by  measuring  hohlraum  and  surface  temperatures.  To  determine  the 
effect  of  temperature  and  rhenium  content  on  the  spectral  emissivity  of 
sintered  tungsten  and  sintered,  thoriated  tungsten. 

3.2  Sample  characterization  and  preparation. 

The  samples  for  the  experiment  were  sintered  using  pure  tungsten 
powder,  pure  rhenium  powder  and  later  thoria  was  added  to  these 
materials.  Originally  there  were  five  different  combinations  of 
tungsten  and  rhenium,  pure  tungsten,  W~3?  Re,  W-10?  Re,  W-25?  Re  and  W- 
30?  Re.  Unfortunately  the  W -10?  Re  sample  could  not  be  used  for 
experimentation  as  it  was  oxidized  completely  along  its  longitudinal 
axis  with  cracks  spreading  in  all  directions. 

3.2.1  Electron  microprobe  analysis. 

The  as-received  material  was  subjected  to  electron  microprobe 
analysis  in  order  to  study  the  homogeneity  of  the  samples  which,  the 
suppliers  claimed  had  a  porosity  of  less  than  0.1  percent.  This 
material  was  found  to  be  more  homogeneous  than  the  ones  used  for 
thermionic  emission  that  had  a  porosity  of  about  seven  percent.  The 
results  of  this  analysis  are  shown  in  Table  10. 


Table  9.  Constant  parameters  In  evaluating  emissivity. 


SI.  No. 


Parameter 


Value 


Excitation  Voltage 
Threshold 

Threshold  Difference 
Dead  Time 

Attenuation  of  Bell-jar  A0 
Attenuation  of  N.D.  Filter-1,  k1 
Attenuation  of  N.D.  Filter-2,  k2 
Calibration  Temperature  Ta 
Calibration  Count  Rate  E0 


1400  Volts 
0.975  mV 
0.300  mV  7 

I . 1044x10” 
1.06072 

II. 7780 
98.6840 
1357.95  K 
13.5x10* 


Table  10.  Results  of  electron  microprobe  analysis  (emissivity  studies), 
"T  ”  . Concentrations  at  different  positions 


1  Alloy 


Elements 


W 

1.012 

1.019 

0.996 

0.983 

0.981 

W-0%Re 

Re 

0.007 

0.000 

0.005 

0.004 

0.012 

Total 

1.018 

1 .018 

1 .001 

0.987 

0.992 

W 

0.955 

0.950 

0.945 

0.965 

0.962 

W-3*Re 

Re 

0.0112 

0.0119 

0.038 

0.034 

0.052 

Total 

0.996 

0.998 

0.982 

0.999 

1 .01  4 

W 

0.907 

0.915 

0.894 

0.91 1 

0.912 

W-IOjRe 

Re 

0.091 

0.090 

0.098 

0.096 

0.083 

Total 

0.997 

1.004 

0.994 

1 .006 

0.994 

W 

0.75$ 

0.769 

0.822 

0.809 

0.742 

W-25*Re 

Re 

0.228 

0.21  4 

0.176 

0.197 

0.251 

Total 

0.985 

0.982 

0.998 

1 .005 

0.992 

W-30KRe 

W 

Re 

6.726 

0.265 

677JB 

0.276 

6:764 

0.249 

6.754 

0.247 

0.612 

0.382 

Total 

0.991 

1 .014 

1 .013 

1 .001 

0.993 

3.2.2  Sample  fabrication  and  mounting  details 

As  indicated  in  Figure  39,  the  sample  for  the  emissivity  test  was  a 
small  disc,  6.35  mm  diameter  and  2.54  mm  thick.  The  top  and  bottom 
surfaces  were  ground  parallel  to  each  other  with  a  diamond  abrasive 
wheel.  A  hohlraum  corresponding  to  an  isothermal  enclosure  was  then 
drilled  through  the  side  of  the  disc  using  a  copper-tungsten  electrode 
in  a  Servomet  Electric  Discharge  Machine.  It  has  been  shown  [8]  that 
deep  holes  drilled  in  an  opaque  material  can  provide  emittance  values 
near  unity,  so  that  stray  radiation  from  other  hot  sources  and  incident 
on  the  target  is  absorbed  rather  than  reflected  into  the  pyrometer. 
Based  on  these  observations,  a  hohlraum  0.38  mm  in  diameter  and  3.8  mm 
in  length  was  machined  by  electrical  discharge  machining.  The  region 
around  the  hohlraum  was  then  polished  with  240  grit  carborundum  wet/dry 
paper,  to  provide  a  flat  surface,  the  emissivity  of  which  was  to  be 
evaluated.  The  sample  was  then  spot  welded  to  a  tantalum  disc  which  was 
originally  spot  welded  to  a  tantalum  tube,  as  shown  in  Figure  39.  The 
sample  holder  assembly  was  then  mounted  in  a  steel  frame  located  inside 
the  bell  jar.  Figure  40  is  a  photograph  of  the  steel  frame  for  the 
sample  holder  assembly. 

3.3  Experimental  set  up  for  emissivity  measurement 

Figure  41  is  a  labeled  schematic  of  the  emissivity  measurement 
system  showing  the  various  components  and  their  relative  locations.  As 
in  the  thermionic  emission  microscope  system,  this  system  can  be  divided 
into  three  major  categories  based  on  their  respective  functions.  These 
were  the  vacuum  system,  the  electron  bombardment  system  and  the 
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Figure  39.  Cross  section  of  the  sample  assembly. 


Figure  *0.  Steel  frame  to  support  sample  holder,  with  filament 
assembly. 
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temperature  measurement  system  with  the  photon  counter.  These  sub¬ 
systems  are  described  in  detail  in  the  following  sections. 

3.3.1  The  vacuum  and  electron  bombardment  systems 

The  sample  is  heated  to  temperatures  in  excess  of  2000  K  by 
electron  bombardment  and  this  necessitates  an  evacuated  chamber  thereby 
minimizing  oxidation  and  enhancing  the  efficiency  of  electron 
bombardment.  A  mechanical  roughing  pump  was  used  to  provide  the  rough 
vacuum  and  a  diffusion  pump  coupled  with  the  mechanical  pump,  pumped 

_  1 

down  the  60  cm.  bell  jar  to  a  vacuum  of  better  than  5x10  torr.  An 
ionization  gauge  was  used  to  measure  pressures  below  10  torr  while  a 
thermocouple  gauge  measured  higher  pressures.  The  diffusion  pump  was 
accompanied  by  a  liquid  nitrogen  baffle,  and  a  water  circulation  system 
provided  the  necessary  cooling. 

The  sample  was  heated  by  electron  bombardment.  An  alternating 
current  power  supply  was  used  to  heat  the  filament.  A  large  potential 
difference  was  applied  between  the  sample  and  the  heated  filament  to 
cause  electrons  to  flow  from  the  filament  to  the  sample  holder  and  heat 
it.  The  power  supply  that  was  used  for  activating  the  filament  and  the 
bombardment,  is  shown  in  Figure  M2  and  Figure  M3  shows  a  glowing  sample 
and  sample  holder  that  were  being  heated  by  striking  electrons  emitted 
by  the  heated  filament. 

3.3.2  Temperature  measurement  with  the  photon  counter 


This  is  the  most  vital  part  or  the  emissivity  measurement  system, 
as  the  emissivity  of  the  surface  is  obtained  as  a  function  of 


temperature 


The  accuracy  of  the  values  obtained  depends  on  the 


accuracy  of  the  temperatures  measured. 

Temperatures  were  measured  by  focusing  the  photon  counting 
pyrometer  (Figure  i<iJ)  on  the  heated  sample.  An  interference  filter  in 
the  pulse  counting  pyrometer  allows  light  energy  of  a  particular 
wavelength  (0.535  pm)  to  be  transmitted  to  a  nickel  mirror.  A  part  of 
this  filtered  beam  passes  through  1)  a  0.1  mm.  hole  in  the  mirror,  2) 
two  neutral  density  filters,  and  eventually  enters  a  photomultiplier 
tube.  A  detector  in  the  photomultiplier  tube  detects  and  converts  the 
energy  pulses  to  current  pulses.  The  discriminator-amplif ier  shown  in 
Figure  H5,  then  selects  and  amplifies  the  pulses,  which  are  then  passed 
on  to  a  timer-counter  eventually  being  displayed  as  a  frequency  of 
pulses.  This  frequency  is  recorded  by  a  thermal  printer  and  the 
temperatures  of  the  hohlraum  and  surface,  together  with  the  emissivity, 
are  evaluated.  The  details  of  all  the  components  that  were  used  in 
building  the  emissivity  measurement  system  are  provided  in  Appendix  3. 


3.1)  Operating  procedure 

The  first  step  was  to  locate  the  sample  inside  the  vacuum  chamber 

and  place  the  bell  jar  in  position.  The  water  supply  to  the  diffusion 

pump  was  then  initiated  and  the  roughing  pump  switched  on  after  making 

all  the  electrical  connections.  The  diffusion  pump  was  switched  on 

_  2 

after  a  roughing  vacuum  of  10  torr  was  reached  in  order  to  bring  the 

_  • 

vacuum  down  to  the  10  (torr)  range.  The  filament  power  supply  was 
then  activated  to  heat  up  the  filament  followed  by  the  electron 
bombardment  to  attain  the  necessary  temperature.  Table  11  gives  typical 


Table  11.  Typical  power  supply  ranges  to  heat  the  sample  to  various  temperatures 


0.0  l). 8  220.0  3.00  6.5x10  2  1100.0x10  2500*K 


80 


power  supply  ranges  to  heat  the  sample  to  various  temperatures.  Once 
the  sample  temperature  had  stabilized,  as  indicated  by  the  pyrometer 
which  was  focused  on  the  hohlraum,  It  was  maintained  at  that  temperature 
for  one  hour.  At  the  end  of  this  period  the  pyrometer  was  moved,  to 
focus  on  the  polished  region  around /the  hohlraum  and  the  frequency  of 
counts  recorded.  The  hohlraum  temperature  was  finally  checked  to 
ascertain  that  there  was  no  surge  in  the  power  supply  to  the  sample. 
The  sample  was  then  cooled  under  vacuum,  its  surface  photographed  and 
the  entire  procedure  repeated  at  a  higher  temperature.  All  eight 
samples  were  tested  in  this  manner  at  increasing  temperature  levels. 

3.5  Results  and  discussion 

The  actual  temperature,  surface  temperature  and  emissivity  of  each 
of  the  four  tungsten,  rhenium  samples  are  tabulated  in  Table  12  and 
those  of  the  four  thoriated  tungsten,  rhenium  samples  are  shown  in  Table 
13.  It  is  difficult  to  compare  these  results  with  those  presented  by 
earlier  investigators  because  the  conditions  under  which  the  tests  were 
done,  differ  in  terms  of  a)  the  wavelength  of  the  radiation,  b)  the  type 
of  material  (arc  cast,  sintered,  electron  beam  melted  etc.,),  c)  the 
surface  condition  for  emissivity  measurement  and  various  other  factors 
that  contribute  to  the  variation  in  emissivity  values.  However, 
comparisons  are  made  wherever  possible  and  the  trends,  discussed  in 
context  with  the  application  for  which  it  is  intended. 


Table  12.  Temperatures  of  hohlraum  and  surface  and  emlsslvity  values 
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3.5.1  Variation  of  normal  spectral  emissivity  with  temperature  and 
rhenium  content. 

Figure  46  is  a  plot  of  the  variation  of  spectral  emissivity  of 
tungsten,  rhenium  at  elevated  temperatures.  The  plots  show  a  decrease 
in  the  values  of  the  normal  spectral  emissivity  with  increase  in 
temperature.  This  behavior  is  caused,  to  some  extent,  by  the  flattening 
of  rough  projections  as  strain-free  grains  start  developing  on 
recrystallization,  giving  rise  to  a  smooth  surface  at  fairly  high 
temperatures  (2600  K).  Superimposed  on  the  plot  in  Figure  46(a),  are 
the  curves  for  the  data  from  Gubareff  [24]  and  Larrabee  [40],  where  it 
can  be  seen  that  there  is  a  cut-off  wavelength  above  which  the  spectral 
emissivity  increases  with  temperature  and  below  which,  it  decreases  with 
temperature  as  in  the  present  case  with  radiation  of  wavelength  0.535 
um.  The  results  obtained  are  in  good  correspondence  with  that  of 
Sadykov  [56],  who  was  also  responsible  for  analytically  determining  the 
existence  of  the  cut-off  wavelength  (-0.72  pm).  The  two  other  curves 
indicated  in  Figure  46(a)  were  obtained  from  [7],  and  show  the 
emissivity  data  acquired  from  arc  melted  tungsten  samples  with  different 
surface  conditions.  We  could  conclude  that  the  measured  data  lies 
within  the  range  of  past  test  results  and  from  the  trends  exhibited,  the 
photon  counting  pyrometer  and  the  associated  components  in  the  test  rig 
could  be  used  fairly  accurately  for  emissivity  measurement  in  the 
future. 

Though  tungsten,  rhenium  is  a  fairly  common  alloying  combination, 
very  little  information  is  available  on  the  emissivities  of  these  alloys 


at  elevated  temperatures.  Now  that  it  has  been  established  that  small 
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additions  of  rhenium  are  definitely  instrumental  in  improving  some 
of  the  qualities  of  tungsten,  such  as  ductility,  f abricabil ity , 
recrystallization  temperature  etc.,  it  is  important  that  we  have  a  sound 
knowledge  of  some  of  the  elevated  temperature  properties  of  this 
combination.  All  the  tungsten,  rhenium  alloys  in  Figure  H6  exhibited 
similar  behavior  in  that  the  emissivity  decreased  with  increase  in 
temperature.  The  W,3$  Re  and  V,25%  Re  samples  showed  a  very  small 
decrease  whereas  there  was  a  fairly  large  gradient  of  emissivity  in  the 
W,30%  Re  sample.  The  W,30?  Re  sample  indicated  that  the  presence  of  a 
hard  second  phase  material  tends  to  make  it  behave  in  a  fashion  similar 
to  that  of  the  brittle  tungsten.  Microhardness  values  further  confirmed 
this  behavior.  However,  the  softer  and  more  ductile  V,3%  Re  and  W,25? 
Re  samples  had  steady  values  of  emissivity  in  the  1400  K  to  2200  K 
range,  which  also  happens  to  be  the  useful  operating  temperature  range 
of  emitters  and  collectors  in  thermionic  energy  converters.  The  M  ,25% 
Re  sample  had  the  lowest  values  of  emissivity  in  the  temperature  range 
of  Interest  and  from  TEC  application  point  of  view,  this  would  be  an 

ideal  combination  to  minimize  heat  losses  and  improve  the  efficiency  of 
energy  conversion. 

Figure  H 7  represents  plots  indicating  the  variation  of  emissivity 
of  pure  tungsten  with  the  addition  of  rhenium  at  different  operating 
temperatures.  The  behavior  at  each  temperature  (except  2150  K)  seems  to 

indicate  that  there  is  a  minimum  in  the  emissivity  values  at  some 
percentage  of  rhenium  between  3 %  and  25%.  Due  to  the  problem  of 
oxidation,  it  was  not  possible  to  get  valuable  information  from  the 
W,10|  Re  sample.  However,  it  is  not  unusual  to  have  convolutions  in 
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b)  TEMPERATURE* 1750 *X 
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this  range,  as  has  been  shown  by  Klopp  et  al  [37]  for  the  bend 
transition  temperature  of  tungsten,  rhenium  and  the  tensile  strength 
[51]  of  Mo,  Hf,  C  alloys.  Thus  there  certainly  seems  to  be  some 
uncertainty  in  the  region  between  3J  Re  and  25 %  Re. 

With  more  homogeneous  material,  there  exists  a  possibility  of 
getting  uniform  curves  for  emissivity  as  a  function  of  temperature  which 
can  then  be  used  to  express  emissivity  of  a  mixture  of  elements,  in 
terms  of  their  mole  fractions  and  individual  emissivities  as 
Ratanapupech  [52]  did  for  liquid  metal  alloys. 

3.5.2  Effect  of  alloying  sintered  W,Re  with  thoria 

Table  13,  Figure  48  and  Figure  49  present  the  effects  of  alloying 
thoria  on  the  normal  spectral  emissivity  of  tungsten,  rhenium.  The 
measured  and  calculated  temperatures  and  emissivity  values  in  Table  1  3 
seem  to  show  a  general  trend  in  the  decrease  of  spectral  emissivity  with 
the  increase  in  operating  temperature.  The  same  trends  were  observed  in 
the  tungsten,  rhenium  alloys  but  the  variation  in  the  1400  K  to  2500  K 
range  was  greater  than  that  observed  in  the  thorlated  tungsten,  rhenium 
alloys.  The  decrease  in  emissivity  with  temperature  is  attributed  to 
the  change  in  surface  undulations  which  smooth  out  at  high  temperatures. 
However  the  steady  values  of  emissivity  for  each  alloy  in  the 
temperature  range  of  interest  as  seen  in  Figure  48  could  be  due  to  the 
fact  that  the  grain  sizes  for  the  thorlated  samples  at  a  given 
temperature  were  smaller  than  their  corresponding  counterparts  in  the 
tungsten,  rhenium  alloys.  This  would  need  a  more  detailed  investigation 
before  it  can  be  confirmed  as  there  is  no  information  available  on  the 
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Variation  of  spectral  emissivity  of  thoriated  tungsten,  with 
the  addition  of  rhenium. 


7"  V-* 


y  v  ■  r-v  r'r.'r'i'  j"  9  9  'f  w 

.  .  ‘ .  *  ".  -V  ■*.  .  •.  \  '  ‘  -  •  “  ■.  V  » '«  *  v  •  ‘ 


& 

p; 


I 

i 


t'X 


£> 

£ 

*»\* 

K 

y 

^  i 

Its 

I 


I 


'».■ 


,v 

L>‘* 


r: 


90 

behavior  of  spectral  emissivity  for  W,Re,  Th02  alloys.  Figure  ^9  shows 
the  variation  of  the  spectral  emissivity  of  thoriated  tungsten  with  the 
addition  of  rhenium  at  various  temperatures.  Again,  there  is  some 
uncertainty  as  to  the  dip  in  emissivity  values,  in  the  range  of  3 %  to 
2551  Re,  being  caused  by  the  change  in  ductility  of  the  material. 
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1|.  RECRYSTALLIZATION  AND  GRAIN  GROWTH  CHARACTERISTICS  OF  SINTERED  W,Re 

AND  THORIATED,  W,Re  ALLOYS 

This  section  reveals  sane  of  the  metallurgical  aspects  of  the  tests 
conducted  in  the  diffusion  pumped  vacuum  system.  The  apparatus  used  was 
the  same  as  that  for  the  emissivity  measurement  system  except  for  the 
fact  that  microhardness  and  metallogr aphi c  tests  were  done  on  the 
samples,  between  emissivity  tests. 

H.1  A  brief  introduction  to  elevated  temperature  softening 

Recrystallization  and  grain  growth  are  two  of  the  numerous  material 
characteristics  that  need  thorough  investigation  in  the  process  of 
developing  materials  that  can  withstand  high  temperatures.  Refractory 
metals  and  alloys  that  can  normally  provide  high  source  and  sink 
temperatures  for  thermionic  energy  conversion  applications,  tend  to  be 
brittle  and  have  low  strength  at  elevated  temperatures.  The  addition  of 
rhenium  to  tungsten  has  been  known  to  increase  its  ductility  at  lower 
temperatures  by  softening  the  base  metal  and  this  behavior  is  enhanced 
at  higher  temperatures.  It  further  inhibits  recrystallization  of 
tungsten  and  in  the  process  of  delayed  recry?tallization,  the  final 
product  is  one  of  reduced  grain  size.  Thorium  and  hafnium  act  as 
getters  for  oxygen  and  carbon  respectively  and  the  thoria  and  hafnium 
carbide  particles  thus  formed  segregate  on  grain  boundaries  minimizing 
their  migration  and  controlling  the  grain  growth  characteristics.  Thus 
by  adding  rhenium  and  thoria  to  tungsten  one  can  obtain  delayed 
recrystallization  and  controlled  grain  growth  but  the  effect  of  various 
compositions  on  these  characteristics  is  the  basis  for  the  research  work 
involved  in  this  section. 


14.2  Literature  review 


The  fact  that  rhenium  additions  in  small  quantities  soften  and 
increase  the  ductility  of  tungsten  was  reported  by  Geach  and  Hughes  [22] 
and  confirmed  by  Jaffee  et  al .  [31*]  who  explained  the  effect  as  follows: 

A  complex  oxide  with  appreciable  surface  tension  is  produced  when 
rhenium  is  added  to  Group  VI  metals.  This  oxide  agglomerates  into  round 
globules,  instead  of  wetting  grain  boundaries  and  in  the  process,  gives 
the  alloy  high  intergr anul ar  strength  and  ductility.  Interstitial 
solubility  is  lowered  by  rhenium  additions.  The  contribution  of  valence 
electrons  [51)]  from  rhenium  to  the  tungsten  lattice  is  responsible  for 
reduced  solubility.  Additions  of  rhenium  to  tungsten  promote  twinning 
during  deformation  [1iJ]  which  is  due  to  the  fact  that  stacking  fault 
energy  is  reduced  by  rhenium.  Aqua  and  Wagner  [2]  confirm  this 
observation.  However,  twinning  only  accounts  for  a  minor  fraction  of 
the  plastic  deformation,  usually  at  the  onset  of  macroscopic  strain  and, 
its  relation  to  the  rhenium  ductilizing  effect  is  questionable.  It  was 
later  suggested  that  increased  dislocation  mobility  would  result  from 
rhenium  lowering  the  lattice  resistance  to  dislocation  motion  and  this 
was  found  to  be  consistent  with  the  well  known  solid  solution  softening 
in  b.c.c.  metals.  There  are  two  components  in  the  flow  stress,  the 
effective  stress  og  and  the  internal  stress  o^.  Arsenault  [3]  and  later 
Christian  [10]  established  that  solid  solution  softening  results  when 
solute  atoms  produce  a  decrease  in  o  that  more  than  offsets  the 
increase  in  due  to  the  presence  of  solute  atoms.  High  concentrations 
of  rhenium,  unlike  low  concentrations,  in  tungsten  do  not  produce  alloy 
softening  and  this  could  be  due  to  a  different  mechanism  or  due  to  the 


fact  that  the  increased  solute  contribution  to  becomes  greater  than 

the  reduction  of  o  . 

e 

Klopp  and  Witzke  [36]  obtained  the  annealing  response  of  a  W,  Re, 
Hf,  C  alloy  by  heating  for  one  hour  at  temperatures  ranging  from  1590  K 
to  2810  K.  Some  recovery  was  observed  to  occur  in  the  1590  K  to  1700  K 
range  (evidenced  by  a  slight  drop  in  hardness)  and  recrystallization 
started  at  about  1740  K  and  was  complete  at  about  2030  K.  Arc  melted 
tungsten  ingots  were  annealed  [45]  for  one  hour  at  temperatures  from 
1273  K  to  1873  K.  Hardness  checks  and  micrographs  of  these  samples 
indicated  the  one-hour  recrystallization  temperature  for  this  material 
to  be  between  1525  K  and  1573  K.  Hall  et  al .  [26]  investigated  the 
elevated  temperature  properties  of  arc  melted  tungsten,  rhenium  alloys 
strengthened  by  a  finely  dispersed  hafnium  carbide  precipitate.  They 
found  that  the  recrystallization  temperature  of  W,Re  increased  very 
rapidly  with  increasing  HfC  content,  reaching  a  maximum  near  0.4  mol* 
HfC .  They  attributed  this  increase  to  the  unusual  stability  of  the  HfC 
particles  in  the  tungsten  matrix  and  the  possibility  that  these 
particles  are  very  effective  in  pinning  grain  boundaries.  A  tungsten, 
nickel,  iron  alloy  was  annealed  and  tested  [20]  for  microhardness  at 
various  annealing  temperatures.  There  was  a  slight  increase  in  the 
hardness  at  1073  K  and  it  was  found  that  this  was  due  to  the  formation 
of  sub  grains  by  the  rearrangement  of  dislocations  in  this  temperature 
range. 

The  recrystallization  temperature  [23]  of  unalloyed  tungsten 
depends  greatly  on  the  impurity  concentration,  which  is  determined  by 
the  method  of  production  and  may  vary  from  1673  K  for  P/M  tungsten  to 


1123  K  for  tungsten  single  crystals.  It  was  found  that  when  tungsten 
was  alloyed  with  rhenium,  the  recrystallization  temperature  first 
increased  with  increasing  rhenium  content  but  then  remained  constant  or 
decreased  thereafter.  Alloy  softening  of  tungsten  alloyed  with  rhenium 
was  investigated  by  Stephens,  Witzke  [65].  In  situ  microhardness 
measurements  were  made  at  homologous  temperatures  from  0.02  to  0.2 
(melting  point),  the  range  where  alloy  softening  is  normally  observed  in 
b.c.c.  alloys.  Results  showed  that  alloy  softening  occurred  at 
temperatures  less  than  0.16  (melting  point)  and  for  rhenium 
concentrations  less  than  16$  Re.  Alloy  hardening  was  observed  in 
concentrated  alloys  at  all  temperatures  and  in  dilute  alloys  at 
homologous  temperatures  greater  than  0.16  (melting  point). 

In  general,  tungsten,  rhenium  alloys  with  thoria  and  hafnium 
carbide  have  exhibited  higher  recrystallization  temperatures.  A 
hardness  minimum  exists  at  about  5$  Re,  which  coincides  with  the  highest 
creep  strengths.  The  composition  for  good  workability  was  found  [41]  to 
range  from  18$  to  32$  Re. 

4.3  Experimental  set  up  for  vacuum  annealing 

All  the  tests  for  recrystallization  and  grain  growth  studies  were 
conducted  on  the  same  experimental  set  up  as  that  for  the  emissivity 
measurement  tests,  with  minor  modifications.  As  shown  in  Figure  50,  the 
samples  were  annealed  in  a  diffusion  pumped  vacuum  system  with  a  bell 
jar.  The  temperatures  were  measured  with  the  accurate  photon  counting 
pyrometer  along  with  its  accessories  such  as  the  printer,  the  timer- 
counter  and  the  discriminator-amplifier  all  of  which  were  mounted  in  a 


mobile  rack.  The  samples  were  heated  by  electron  bombardment  with  the 
necessary  power  from  a  high  voltage  power  supply  unit.  In  addition  to 
these  equipment,  a  Lei tz-Wetzl ar  microhardness  testing  device  and  a 
Model  PM-6  Olympus  microscopic  system  was  used  for  the  associated 
metallographi c  studies. 

4.3.1  Sample  preparation  and  associated  metallography 

The  samples  which  were  originally  in  the  form  of  sintered  rods  were 
machined  to  discs  of  6.35  mm.  in  diameter  and  2.54  mm.,  thickness.  The 
procedure,  using  the  electrical  discharge  machine  and  other  accessories, 
has  already  been  described  in  the  section  on  emissivity  measurement .  In 
addition  to  all  the  machining  and  polishing  done  for  emissivity 
measurement,  the  top  surface  of  each  sample  was  polished  with  240,  320, 
400  and  600  grit  carborundum  wet/dry  paper  and  then  lapped  with  3  wm . , 
0.1  pm.  and  0.05  pm  alumina  slurries  on  a  lapping  machine.  After 
polishing,  each  sample  was  subjected  to  microhardness  testing  in  order 
to  determine  the  hardness,  before  annealing.  It  was  then  spot  welded  to 
a  tantalum  holder  and  located  in  the  bell  jar  for  experimentation. 

4.3.2  Vacuum  annealing  of  specimen 

The  cooling  water  circulation  to  the  diffusion  pump  was  started 

after  locating  the  sample  Inside  the  bell  jar.  The  diffusion  pump  was 

_  2 

switched  on  after  a  roughing  vacuum  of  10  torr  was  attained.  With  a 

.  5 

vacuum  of  about  10  torr,  the  filament  was  heated  with  alternating 
current.  When  the  filament  was  sufficiently  hot,  the  bombardment 
current  and  voltage  were  provided.  The  sample  was  maintained  at  ground 
potential.  The  photon  counting  pyrometer  was  then  focussed  on  the 
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hohlraum  in  the  sample  and  the  associated  circuitry,  switched  on.  Once 
the  sample  had  stabilized  at  a  particular  temperature,  it  was  maintained 
at  that  temperature  for  one  hour.  At  the  end  of  this  period,  the  power 
supplies  were  shut  off  and  the  sample  was  allowed  to  cool  under  vacuum 
to  minimize  any  oxidation  or  contamination  of  the  surface. 
Photomicrographs  of  the  polished  surface  were  then  taken  and  the  surface 
was  subjected  to  the  same  sequence  of  polishing  and  lapping,  as  before, 


prior  to  making  microhardness  measurements.  About  twenty  different 
microhardness  readings  were  taken  and  averaged  to  get  the  final  value  at 
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a  given  temperature.  The  entire  process  was  repeated  at  higher 
temperatures. 

4.4  Results  and  discussions. 

The  specimen  temperature,  the  annealing  time  and  the  subsequent 
microhardness  values  are  shown  in  Table  14  and  Table  15  for  the  nine 
different  types  of  samples  tested.  Variation  of  microhardness  with 
annealing  temperature  and  rhenium  content  and  the  effect  of  alloying  on 
the  recrystallization  temperature  and  grain  size  of  tungsten  are  also 
presented  in  this  section.  In  addition  to  this ,  Important 
mi crostructural  features  of  the  recrystallized  specimen  showing 
thermally  etched  surfaces  are  presented  for  purposes  of  comparison. 
Plots  obtained  by  previous  Investigators  are  superimposed  on  the  current 
plots  and  the  conditions  under  which  the  Investigations  were  conducted, 
are  indicated. 
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temperature  and  microhardness  values  for  tungsten,  rhenium 


Table  15.  Specimen  temperature  and  microhardness  values  for  thorlated  tungsten,  rhenium 


TJ 

£. 

= 

CM 

VO 

—  CM 

O  vO 

sr  — 

ro  in 

o 

o 

CM  O 

vO 

o 

CM  O 

CM 

t— 

ro 

ro  sr 

m  cm  ro 

ar  co 

—  vO 

CO 

~r 

r- 

O' 

•— 

ro 

CM 

ro  sr 

ro 

■3" 

CM 

3 

ST 

CO 

£ 

a. 

• 

• 

• 

•  • 

•  • 

•  • 

• 

• 

• 

• 

• 

• 

• 

•  • 

CM 

CO 

• 

•  • 

* 

• 

o 

o 

in 

ro 

no  o 

ro  st 

O  CO 

o 

in 

o 

t- 

ST 

CM 

o 

=r  O 

co 

CO  VO 

»— 

in 

£_ 

o 

o 

CO 

c*— 

in  sr 

r*-  c— 

t*-  Sr 

CM 

vO 

r— 

ro 

CM 

ON 

ro  s- 

CM 

vO 

ro 

r—  co 

in 

O 

c 

vO 

in 

in 

in  in 

in  m 

in  to 

in 

in 

in 

in 

in 

in 

vO 

vO  vO 

vO 

in 

r— 

VO  VO 

v£> 

vO 

9 


j  — 


4  *”  *”  *“  *“ 


co  ro  o  O  cm 

On  vO  CM  — 

CM  3  p-  —  3 

V-  —  CM  CM 


co  in  o  cm  o 

on  cm  in  3  O' 

cm  3  r—  *-  m 

V-  cm  cm 


co  o  co  in  o 

on  co  no  CM  CM 

cm  a*  N  -  a- 

—  ^  CM  CM 


CO  CO  v—  CM  CM 
on  m  n  a-  m 
fMff  f--a- 
*—  «-  CM  CM 


co  o  —  in  o 

oi  in  so  rn  ^ 

CMS  p-^ir 
V-  —  CM  CM 


O  O  —  CM 


O  O  —  CM 


4  O  O  —  CM 
4 


4  4  4  4  4 
4  4  4  4  4 


4  4  4  4  4 
4  4  4  4  4 


>. 

o  X 

CM 

vO 

O 

CM 

o 

_ 

c 

VO 

CO 

ST 

CM 

ro  co 

VO 

vO 

to  tn 

4 

in 

no 

«— 

l  ^  r- 

ro 

ro 

3  .»-> 

4 

• 

• 

• 

• 

4  •  • 

• 

• 

O'  C 

ro 

3 

CM 

3 

SO  O 

O 

in 

to  s 

CM 

o 

ro 

CM  On 

r— 

CM 

l.  o 

o 

c- 

r- 

ON 

i*- 

c— 

bu  CJ 

<M 

CM 

o  in  o  o 
(Ms  o  ro 

J  vD  S  4444  1 

4  ....  44444 

N  f\J  O  •• 

CM  ID  ms 

oo  t—  r— 

CM 


4  4  4  4  4 
4  4  4  4  4 


C  3  « 
&  -* 
4->  C  L- 

n  o  o 
Mr  r 
C  L.  4-> 
3 


C  3  (0 

Q>  — <  — i 
-*->  C  U 
CD  0)  O 
M  £  £ 
C  t-  J-> 

3 

{-%*%«. 

O  — 


c  i  « 

to  -* 

±*  c  t~ 

CO  V  o 

00  J=  £ 

C  £_  4J 

3 

*-**.%«. 
in  — 

CM 


C  3  <0 
to  — 

c  t 
m  a>  o 

60  £  J= 
C  £-  *-> 
3 

H  HK 


4.4.1  Variation  of  microhardness  of  tungsten  with  elevated  temperature 
and  rhenium  content. 

The  plots  in  Figure  51  indicate  the  annealing  response  of  the 
tungsten,  rhenium  samples,  with  increase  in  annealing  temperature.  All 
the  plots  were  found  to  have  a  regular  trend  where  the  hardness  remains 
constant,  over  fairly  large  temperature  ranges,  except  over  a  small 
interval  of  temperature  where  recrystallization  occurs  and  there  is  a 
sudden  drop  in  the  values  of  Knoop  hardness.  Some  recovery  occurs  in 
the  1250  K  to  1*150  K  range  for  the  tungsten  sample  and  in  the  1*450  K  to 
1800  K  range  for  the  W,30X  Re  sample.  A  similar  behavior  was  observed 
by  Klopp  et.  al  [36]  for  a  W,  Re,  Hf,  C  alloy  where  the  structure  was 
highly  worked  even  after  annealing  at  1590  K  and  recrystallization  was 
observed  to  start  between  1700  K  and  1811  K.  In  thi3  case,  for  the 
sintered  W,  25X  Re  alloy,  recrystallization  was  observed  to  start  at 
about  1650  K  and  was  complete  at  about  1900  K.  It  has  also  been 
reported  [36]  that  a  W,  Re,  Hf,  C  alloy  recrystallized  at  1970  K  whereas 
an  electron  beam  melted  alloy  of  W,24{  Re  was  fully  recrystallized  after 
1870  K  which  is  about  the  same  value  that  was  obtained  in  the  present 
research  activity  on  W,  25X  Re  alloy.  The  lower  recrystallization 
temperature  is  due  to  greater  grain  boundary  mobility  which  might  have 
been  restricted  due  to  the  presence  of  fine  carbide  particles.  In  the 
present  investigation,  only  high  temperature  [1  200  K  to  2600  K] 

mi crohardness  was  of  interest  and  so  the  microhardness  variation  at 
lower  temperatures  was  not  considered.  The  one  hour  recrystallization 
temperature  for  arc-cast  tungsten  [45]  as  shown  in  Figure  51(a)  was 
found  to  be  about  1500  K  whereas  for  sintered  tungsten  it  was  about  1625 
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Figure  51  .  Effect  of  elevated  temperatures  on  the  microhardness 
of  tungsten,  rhenium. 


K.  This  is  probably  due  to  the  inhomogeneous  nature  of  the  sintered 
material,  that  has  impurities  in  the  grain  boundaries  thereby 
restricting  its  mobility.  The  rapid  increase  in  the  microhardness  of 
the  M,25%  Re  sample  above  2100  K  is  due  to  the  presence  of  the  second 
phase  in  abundance  at  the  surface  of  the  material. 

Figure  52  represents  plots  of  microhardness  vs.  percent 
rhenium  content  at  different  annealing  temperatures  ranging  from  1^00  K 
to  2500  K.  In  each  case  it  can  be  seen  that  the  microhardness  decreased 
for  small  additions  of  rhenium  up  to  about  5$  Re  and  then  starts 
increasing  gradually  at  first  but  rapidly  after  27J  Re  which  is  the 
solubility  limit.  There  are  a  number  of  reasons  for  the  increased 
ductility  of  tungsten  when  alloyed  with  rhenium.  Two  of  the  primary 
reasons  are  i)  the  formation  of  deformation  twins,  during  cold  working 
and  ii)  change  in  the  solubility  of  interstitial  impurities. 
Deformation  twins  appear  in  alloys  which  are  near  the  solubility  limit 
of  rhenium  in  the  solid  solution,  and  these  alloys  have  the  highest 
ductility.  This  mechanism,  together  with  that  of  slip  in  the  b.c.c. 

base  metal,  is  responsible  for  the  softening  and  increased  ductility  of 
tungsten.  It  is  gradual  at  lower  temperatures  but  abrupt  at  elevated 

temperatures,  resulting  in  a  sudden  change  in  the  hardness,  above  the 
solubility  limit  as  in  Figures  52(b)  and  52(c).  The  addition  of  rhenium 
with  seven  electrons  decreases  the  solubility  of  interstitial 

impurities.  The  fact  that  the  hardness  drops  at  3H  to  5J  Re  in  each  of 
the  plots  is  proof  of  this  decrease  in  interstitial  impurity.  Figure 
52(a)  also  shows  the  dependence  of  hardness  of  cast  [HID  tungsten, 


rhenium. 
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4.4.2  Recrystallization  and  grain  growth  of  sintered  tungsten,  rhenium. 

The  influences  of  rhenium  on  the  recrystallization  of  sintered 
tungsten  are  indicated  in  Figures  53.  54  and  55.  The  microstructure  of 
the  tungsten  and  W,3X  Re  samples  did  not  reveal  significant  changes 
until  the  2200  K  range  was  reached.  However  the  W,  25X  Re  and  W,  30?  Re 
samples  showed  distinct  changes  with  increase  in  annealing  temperature. 
From  the  microstructures,  it  was  noticed  that  recrystallization  occurs 
between  1750  K  and  2150  K.  At  lower  temperatures,  the  rhenium  is  not 
uniformly  distributed  in  the  material  but  at  elevated  temperatures,  it 
diffuses  into  the  base  metal  as  shown  in  Figures  53(b)  and  53(f).  Grain 
growth  is  evident  when  the  annealing  temperature  is  increased  from  2150 
K  to  2500  K.  The  mixture  of  small  and  large  grains  in  both  the  samples 
at  2500  K  reveals  that  secondary  recrystallization  has  occurred  and  this 
is  accelerated  in  the  W,  30X  Re  sample  as  indicated  by  the 
microstructures  in  Figures  53(c)  and  53(g). 

Figure  54  shows  the  microstructures  of  the  four  different  W,Re 
alloys  after  annealing  at  2500  K.  As  indicated  in  these  pictures,  the 
introduction  of  rhenium  in  tungsten  sharply  decreases  the  grain  size 
during  recrystallization.  A  unique  feature  of  a  thermally  etched 
microstructure  was  revealed  in  Figure  54(e)  where  the  clearly  defined 
grain  boundaries  are  the  current  grain  boundaries  whereas  the  less 

sharply  defined  grooves  are  the  original  boundaries  of  grains  formed 
prior  to  reaching  2500  K.  One  can  observe  how  smaller  grains  diffuse 
together  to  form  a  larger  grain  and  this  could  provide  useful 
information  on  the  mechanism  of  grain  growth  in  sintered  tungsten, 
rhenium  alloys. 
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The  recrystallization  temperature  as  obtained  from  the  average 
hardness  values  at  softening  for  each  of  the  four  samples  was  found  to 
increase  with  rhenium  alloying  as  shown  in  Figure  55.  An  addition  of  3% 
Re  to  tungsten  results  in  an  increase  of  recrystallization  temperature 
from  1650  K  to  1850  K.  Further  alloying  of  tungsten  with  rhenium  had 
little  influence  on  the  recrystallization  temperatures.  Also  shown  are 
the  variations  of  recrystallization  temperature  with  rhenium  content  as 
obtained  by  Golavenenko  [23]  and  Savitskii  [58].  The  results  for  the 
sintered  tungsten,  rhenium  alloys  seem  to  correlate  well  with  earlier 
investigations.  With  the  introduction  of  rhenium,  the  annealed  grain 
size  decreased  from  62  ym.  for  tungsten  to  32  ym  for  W,255t  Re.  However 
there  was  a  slight  increase  in  the  grain  size  with  further  increase  in 
rhenium  content  and  this  is  believed  to  be  the  annulling  effects  of 
excess  rhenium,  on  the  influence  of  additions  which  inhibit 
recrystallization  of  sintered  tungsten. 

M.il.3  Variation  of  microhardness  of  thoriated  tungsten,  with  elevated 
temperature  and  rhenium  content. 

The  results  of  the  tests  performed  on  the  thoriated  tungsten, 
rhenium  alloys  have  been  presented  in  Table  15  and  Figures  56  through 

60.  Figure  56  represents  the  effect  of  elevated  temperatures,  on  the 
microhardness  of  the  thoriated  samples.  From  these  plots  we  observe 
that  the  trend  is  similar  to  that  exhibited  by  the  W,Re  alloys  except 

for  the  fact  that  in  this  case  the  average  values  of  microhardness  at 
all  temperatures  were  higher  than  the  corresponding  values  for  W,Re. 
This  behavior  was  found  to  be  quite  obvious  in  the  W,25Re,  1Th02  and 
W,30Re,  1Th0a  samples  while  the  difference  for  lower  percentages  of 
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Figure  55.  Recrystallization  effects  of  alloying  tungsten  with  rhenium. 
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Figure  56.  Effect  of  elevated  temperatures  on  the  mi crohardness  of 
thorlated  tungsten,  rhenium. 


rhenium  was  negligible.  It  has  been  reported  by  Sell  and  Stickler  [60] 
that  in  the  temperature  range  of  1500  K  to  2500  K,  they  observed  a 
considerable  decrease  in  the  reduction  of  area  (of  fractured  tensile 
samples)  for  2%  thoriated  W,Re  as  compared  to  W,Re  without  any  thoria. 
Thus,  thoria  addition  is  believed  to  reduce  ductility  making  the  samples 
behave  in  a  brittle  manner  similar  to  pure  tungsten  and  in  the  process 
increase  the  microhardness.  However  this  effect  is  dependent  on  the 
size  of  the  distribution  of  thoria  particles.  As  in  the  case  of  W,Re  it 
was  found  that  addition  of  rhenium  to  thoriated  tungsten  inhibits 
recrystallization  but  not  to  the  same  extent  as  that  caused  by  the  fine 
thoria  particles. 

Figure  57  shows  the  variation  of  the  microhardness  of  thoriated 
tungsten  with  the  addition  of  rhenium.  In  each  case  it  was  observed 
that  the  addition  of  rhenium  causes  a  decrease  in  the  hardness  of  1% 
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thoriated  tungsten,  up  to  about  5%  or  7$  Re  and  thereafter  the  hardness 
increases  with  increase  in  rhenium  content.  This  increase  is  due  to  the 
loss  of  ductility  partly  due  to  the  dispersion  strengthening  caused  by 
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fine  thoria  distribution  and  partly  due  to  the  introduction  of  the 
harder  second  phase  beyond  the  solid  solubility  limit  of  rhenium  in 
tungsten.  The  hardness  minimum  observed  at  around  5$  to  10$  Re  content 
is  evidence  for  the  fact  that  the  loss  of  ductility  is  a  minimum  in  this 
region  and  the  effect  of  thoria  is  least  experienced. 


4 . M . 4  Recrystallization  and  grain  growth  of  thoriated  tungsten,  rhenium. 

The  Influences  of  rhenium  and  thoria  on  the  recrystallization  of 
sintered  tungsten  are  indicated  in  Figures  58,  59  and  60.  Figure  58 
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Figure  57.  Variation  of  the  microhardness  of  thoriated  tungsten  with 
the  addition  of  rhenium. 


gives  the  microstructures  of  the  W,25Re,  1Th02  and  W,30Re,  lTh02  samples 
after  annealing  at  the  temperatures  indicated.  The  major  difference 
between  these  microstructures  and  the  ones  for  W,Re  is  the  presence  of 
dark  spots  representing  the  thoria  particles.  It  is  virtually 
impossible  to  identify  grains  in  any  of  the  microstructures  up  to  a 
temperature  of  2200  K  as  the  recrystallization  in  the  thoriated  samples 
is  retarded  as  compared  to  that  in  the  tungsten,  rhenium  alloys.  Fine 
thoria  particle  dispersions  strongly  influence  mobilities  of  grain 
boundaries  and  sub-boundaries  and  redistribution  of  dislocations  which 
are  strong  factors  that  affect  the  formation  of  recrystallization  nuclei 
and  initial  growth.  The  thoria  particles  segregate  on  grain  boundaries 
limiting  their  mobility  and  in  the  process,  provide  smaller 
recrystallized  grain  sizes.  Golavanenko  [23]  observed  that  impurities 
have  a  lesser  effect  on  the  recrystallization  temperature  of  tungsten 
alloys  than  that  of  unalloyed  tungsten.  However  it  is  hard  to 
generalize  this  observation  as  the  effect  of  dispersed  particles  on  the 
recrystallization  temperature  depends  on  their  quantity,  dispersity  and 
stability  with  respect  to  the  parent  matrix.  From  the  microstructures 
presented  for  the  four  different  alloys  after  annealing  at  a  temperature 
of  2*100  K  in  Figure  59,  we  can  observe  that  the  W,  1Th02  and  W,3Re, 
1Th02  samples  did  develop  large  and  medium  sized  grains  after 
recrytall ization  when  compared  to  W,25Re,  1Th02  and  W,30Re,  1  Th02.  If 
there  were  fine  thoria  particle  distribution  in  all  the  samples,  as 
claimed  by  the  suppliers,  the  microstructures  in  Figure  58  would  all  be 
more  or  less  identical  but  since  this  did  not  happen,  there  is  reason  to 
believe  that  the  alloys  with  lower  percentages  of  rhenium  had  a  coarse 
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Figure  59.  Microstructures  of  different  thoriated  samples  after 
annealing  for  one  hour  at  2500  K. 
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thoria  particle  distribution  whereas  the  alloys  with  25J  and  30?  rhenium 
had  a  fine  thoria  particle  distribution.  From  the  polyhedral  structure 
exhibited  in  the  microstructures  in  Figure  59,  we  know  that  all  the 
samples  did  definitely  undergo  recrystallization. 

Figure  60  shows  the  variation  of  the  one  hour  recrystallization 
temperature  of  one  percent  thoriated  tungsten  with  the  addition  of 
rhenium  up  to  and  a  little  beyond  the  solid  solubility  limit  of  rhenium 
in  tungsten.  The  addition  of  thoria  increases  the  recrystallization 
temperature  of  all  the  alloys  with  the  maximum  increase  being  observed 
in  the  W,25Re,  1  Th02  alloy.  This  plot  provides  evidence  for  an  earlier 
observation  made,  concerning  the  size  of  the  thoria  particle 
distribution.  A  coarse  particle  distribution  is  not  very  effective  in 
dispersion  strengthening  and  retarding  recrystallization  as  in  the 
VJ,3Re,  1  ThO 2  alloy.  In  general  the  results  of  these  tests  agree  to  a 
certain  limit  with  that  of  Golavanenko  [23]  who  concludes  that  alloying 
of  tungsten  with  refractory  metals  strengthening  the  solid  solution 
(rhenium)  along  with  dispersed  hardening  phases  (thoria)  does  not 
increase  the  recrystallization  temperature  as  compared  with  tungsten 
alloys  containing  only  the  dispersed  second  phase  (thoria). 
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Figure  60.  Recrystallization  effects  of  alloying  tungsten  with  rhenium 
and  thoria. 


5.  HIGH  TEMPERATURE,  HIGH  VACUUM  MECHANICAL  TESTING  OF  W,Re  AND  W,Re, 

Th02  ALLOYS 

The  thermionic  emission  microscope  and  the  emissivity  measurement 
system  are  very  useful  tools  to  acquire  the  surface  characteristics  of 
refractory  metals  and  alloys  that  find  application  in  high  temperature 
space  thermionic  energy  conversion.  However,  the  bulk  properties  of  the 
materials  are  almost  as  useful  as  the  surface  properties,  if  they  are  to 
be  exposed  to  the  low  pressure/low  temperature  environment  in  outer 
space.  A  significant  quantum  of  data  is  available  on  the  bulk 
properties  of  refractory  materials  at  high  temperature  but  in  most  cases 
the  tensile  tests  were  conducted  at  room  temperature  and  atmospheric 
pressure  after  annealing  the  sample  to  high  temperatures  for  varying 
periods  of  time.  Values  obtained  in  this  fashion  do  not  really 
characterize  the  material  at  a  given  temperature  because  of  a  number  of 
detrimental  factors  such  as  atmospheric  contamination,  irregular  heating 
and  so  on.  This  has  led  a  number  of  investigators  to  investigate  real¬ 
time  deformations  and  microstructural  changes  in  refractory  materials  at 
high  temperatures  and  moderate  vacuum  atmospheres. 

Though  tungsten,  rhenium  cast  materials  have  been  mechanically 
tested  at  high  temperatures ,  a  complete  study  of  the  tungsten,  rhenium 
and  tungsten,  rhenium,  thoria  sintered  materials'  family  has  not  been 
examined  in  detail.  This  is  specially  true  with  the  post  test 
characterization,  revealing  grain  boundary  segregation  of  impurities, 
and  effects  of  annealing  on  the  type  of  fracture,  etc.  This  constitutes 
the  concluding  phase  of  the  research  activities  for  this  program  and  the 


following  sections  give  a  description  of  all  the  related  activities 
accomplished,  to  date. 

5.1  High  temperature  mechanical  testing 

Before  dealing  with  high  temperature  testing,  it  would  be 
appropriate  to  describe  some  of  the  mechanical  properties  that  can  be 
obtained  by  conventional  testing  under  atmospheric  conditions. 
Deformation  occurs  when  forces  are  applied  to  a  material.  Energy  is 
absorbed  during  deformation  because  a  force  has  acted  along  the 
deformation  distance.  Strength  is  a  measure  of  the  level  of  stress 
required  to  make  a  material  fail.  Ductility  identifies  the  amount  of 
permanent  strain  prior  to  fracture,  while  toughness  refers  to  the  amount 
of  energy  absorbed  by  a  material  during  failure.  All  the  pertinent 
mechanical  properties  in  conventional  testing  are  shown  in  Table  16. 

5.1.1  Mechanical  properties  in  elevated  temperature  tensile  testing 

All  the  properties  mentioned  above  can  also  be  obtained  in  high 
temperature  testing  but  this  involves  some  subtleties  not  exhibited  by 
conventional  testing  methods.  First  of  all  the  specimen  has  to  be 
heated.  This  can  be  done  by  resistance  heating,  induction  heating  or 
electron  bombardment.  Resistance  heating  was  chosen  in  this  case 
because  of  its  simplicity  and  the  small  size  of  the  sample.  The  fact 
that  the  specimen  is  heated  to  the  order  of  2500  K  makes  it  absolutely 
necessary  to  have  the  tensile  system  in  a  vacuum  chamber  to  prevent  high 
temperature  oxidation  and  imminent  failure  of  the  specimen.  Special 
ceramics  that  have  excellent  electrical  and  thermal  resistivity  have  to 
be  used  and  the  grips  holding  the  specimen  should  also  be  made  of  a  high 


temperature  resistant  material.  Some  means  of  cooling  the  grips  have  to 
be  made  available  if  there  is  excessive  heat  conduction  from  the 
specimen.  Special  vacuum  chambers  with  provision  to  expand  under  vacuum 
had  to  be  designed  in  addition  to  having  a  high  vacuum  pumping  system. 

5.1.2  Objectives  of  the  research  on  tensile  testing 

a)  Design  a  high  vacuum  system  complete  with  instrumentation  for 
temperature  measurement  and  for  heating  the  specimen. 

b)  Fabricate  the  components  of  the  system  with  suitable  materials 
for  the  grips  and  the  insulators. 

c)  Fabricate  tensile  test  specimen  using  conventional  machining  and 
electrical  discharge  machining  with  suitable  fixtures. 

d)  Interface  the  system  with  an  Instron  testing  machine. 

e)  Test  the  sample  as  indicated  below. 

i)  Each  alloy  combination  is  to  be  tested  at  room  temperature 
and  three  other  higher  temperatures  after  maintaining  the 
samples  at  each  temperature  for  a  fixed  period  of  time 
before  deformation. 

ii)  Obtain  stress-strain  relationship  for  each  specimen  and  the 
ductilities  of  the  various  material  combinations, 

iii)  Take  replicas  of  the  fractured  surfaces  and  observe 
fracture  characteristics  in  SEM  and  utilize  Auger  Electron 
Spectroscopy  for  impurity  segregation  studies. 


5.2  Literature  survey  on  elevated  temperature  testing  of  refractory 

materials 

As  was  stated  earlier,  prior  to  the  1960's  most  of  the  high 
temperature  tensile  data  were  not  really  the  output  of  real-time  tests 
but  values  that  were  the  result  of  extrapolations  from  room  temperature 
data  and  high  temperature  annealing.  However  there  was  some 
introductory  work  by  Sims  and  Jaffee  [3*0  in  the  mid  fifties  that 
involved  the  testing  of  50  mil  rhenium  wires  at  various  temperatures 
under  a  controlled  atmosphere  of  a  mixture  of  5%  hydrogen  in  helium.  In 
general  they  found  that  the  elevated  temperature  strength  properties  of 
rhenium  were  high.  Elevated  temperature  short  time  tests  revealed  that 
the  elongation  dropped  to  a  low  value  of  about  1  to  3%  above  500°C, 
whereas  the  stress-rupture  tests  showed  elongations  in  excess  of  at 
2275  K.  Barth  [6]  concluded  that  the  ductile  to  brittle  transition  is 
of  considerable  importance  in  the  case  of  tungsten  because  of  the 
relatively  high  temperatures  at  which  it  occurs.  It  was  found  that  the 
effect  on  the  flow  and  fracture  of  annealed  tungsten  as  the  deformation 
temperature  drops  through  the  transition  zone  is  that  of  sharply 
increasing  the  yield  strength.  This  resulted  in  a  corresponding 
reduction  in  ductility  over  a  narrow  temperature  range. 

Atkinson  [5]  investigated  the  effect  of  powder  purity  on  the 
ductile-brittle  transition  temperature  of  tungsten.  It  was  found  that 
interstitial  atoms  tend  to  Increase  the  d.b.t.  temperature  in  tungsten. 
Successively  lower  impurity  levels  reflected  lower  transition 
temperatures.  Klopp  [51]  and  his  associates  investigated  the  mechanical 
properties  of  several  arc  melted  tungsten  alloys  containing  rhenium, 


tantalum,  columbium,  hafnium  and  carbon,  in  the  temperature  ranges  of 
1650  K  and  2470  K.  They  found  that  solid  solution  strengthening  in 
tungsten  alloys  was  most  effective  in  W,  Hf  alloys  and  least  effective 
in  W,Re  alloys.  Carbon  additions  to  different  tungsten  alloys  produced 
various  degrees  of  strengthening  with  the  largest  effect  formed  in  W, 
Hf,  C  alloys.  The  strongest  alloy,  W,26$  C,  0.20$  Hf  had  a  tensile 
strength  of  62,5  ksi  at  2200  K.  Here  the  tensile  tests  were  performed 

_  5 

in  a  vacuum  of  less  than  5x10  torr  at  a  constant  crosshead  speed  of 
1 .5  mm/minute. 

Arc  melted  tungsten  alloys  strengthened  by  a  finely  dispersed 
hafnium  carbide  precipitate  have  exhibited  outstanding  high  temperature 
strength  according  to  Hall  [26]  and  others.  It  was  found  that  the 
addition  of  4$  rhenium  to  such  alloys  significantly  improves  their  low 
temperature  ductility.  The  alloy  that  exhibited  optimum  properties  had 
the  composition,  W,  iJRe,  0.35  Hf,  0.35  C.  In  the  swaged  condition,  this 
alloy  combined  a  tensile  strength  of  approximately  10  ksi  at  2200  K, 
with  a  ductile-brittle  transition  temperature  of  365  K.  Sell  [60]  and 
Stickler  investigated  ingots  of  W,5$  Re,  2$  Th02  alloy  sintered  from 
blended  tungsten,  rhenium  and  thoria  powders  containing  a  coarse  thoria 
dispersion,  that  would  be  swaged  easily.  Tensile  tests  were  made  in  the 
temperature  range  from  room  temperature  to  2673  K.  They  used  light 
micrographs  and  electron  micrographs  of  fractured  surfaces  to  study  the 
effect  of  test  temperature  on  the  mode  of  tensile  fracture  of  swaged  and 
annealed  rods  of  W,5$  Re,  2$  Th02.  In  an  effort  to  determine  if 
particle  strengthening  by  a  HfC  precipitate  could  be  obtained  in  a 
ductile  tungsten,  rhenium  alloy,  an  arc  melted  W,23.l)$  Re,  0.27$  Hf,  C 


alloy  was  tested  in  tension  by  Klopp  [36]  and  Witzke.  At  1925  K,  the 
HfC  strengthened  alloy  had  a  short  time  tensile  strength  of.  62.7  ksi , 
more  than  double  the  strength  of  28.1  ksi  observed  earlier  for  W,24  Re. 
However,  the  strength  advantage  decreases  at  higher  temperatures  due  to 
HfC  particle  coarsening  and  grain  boundary  sliding. 

Witzke  [71]  evaluated  arc  melted  W,4J  Re,  HfC  alloys  containing  up 
to  about  0.8  mol.  %  HfC  for  compositional  effects  on  mechanical 
properties  in  the  as-worked  condition.  The  data  obtained  showed 
considerable  scatter,  especially  for  the  alloys  containing  an  excess  of 
carbon.  It  was  found  that  peak  strengthening  occurred  at  or  near  the 
calculated  stoichiometric  HfC  composition  (0.3  to  0.4  mol  %)  but 
decreased  rapidly  with  excess  of  either  carbon  or  Hafnium.  Uskov  [67] 
and  Borbak  investigated  the  temperature  relationship  of  the 
characteristics  of  fracture  toughness  (crack  resistance)  of  the  powder 
metallurgy  of  tungsten.  The  samples  were  heated  by  radiation  at  a  rate 
of  1  degree/sec.  Before  tension,  a  sample  was  held  at  the  specified 
temperature  for  thirty  minutes.  From  the  features  of  failure  of 
tungsten  at  different  temperatures,  they  concluded  that  there  was  a 
significant  extent  of  the  gently  sloping  portion  on  the  tensile  curves 
but  this  was  not  an  indication  of  general  plastic  flow  of  the  material. 
The  failure  of  all  the  specimens  were  confirmed  to  be  of  a  brittle 
nature,  from  the  f ractographic  analysis  at  a  test  temperature  of  1475  K. 

Wadsworth  [70]  studied  the  effect  of  excess  hafnium  or  carbon  in  W, 
4J  Re,  HfC  alloys  at  2200  K  after  annealing  at  2400  K.  A  maximum  in  the 
ultimate  tensile  strength  was  found  in  compositions  close  to  those 
having  little  or  no  excess  of  either  hafnium  or  carbon.  Both  excess 


hafnium  and  excess  carbon  exhibited  the  same  effect,  that  is  the 
reduction  in  ultimate  tensile  strength. 


5-3  Design  and  fabrication  of  the  high  temperature,  high  vacuum  tensile 
stages. 

Figure  61  is  a  photograph  of  the  system  for  high  temperature,  high 
vacuum  tensile  testing  with  all  the  parts  assembled  in  position  in  the 
Instron  machine.  A  schematic  of  this  set  up  is  indicated  in  Figure  62, 
where  the  various  components  are  labeled  clearly.  The  entire  tensile 
stage  can  be  divided  in  two  parts  a)  the  external  stage  and  b)  the 
internal  stage,  for  convenience  in  describing  the  system. 

5-3-1  The  external  stage. 

Figure  63  shows  a  drawing  of  the  assembly  of  the  components  of  the 
external  part  of  the  high  temperature  stage  together  with  a  picture  of 
the  actual  stage  assembled  between  the  crossbars  in  the  Instron  machine. 
It  was  essentially  made  up  of  the  crossbars  of  the  Instron  device,  the 
load  cell,  the  flexible  bellows  coupling  and  the  four-way  cross  chamber 
that  houses  the  internal  part  of  the  high  temperature  stage.  Since  the 
test  was  expected  to  be  conducted  in  a  high  vacuum  atmosphere,  the 
specimen  had  to  be  deformed  in  a  leak  tight  chamber.  The  bellows  system 
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and  the  four-way  cross  provided  a  vacuum  environment  (better  than  10 
torr)  as  well  as  the  necessary  flexibility  to  deform  the  specimen  up  to 
28  mm.  All  the  components  in  this  stage  were  made  of  either  mild  steel 
or  stainless  steel  depending  on  their  location.  Part  numbers  1  through 
6  shown  in  Figure  64  and  part  numbers  7  through  9,  in  Figure  65  were  all 
supporting  members  which  were  designed  at  the  Thermionic  Laboratory  and 


Table  16.  Mechanical  properties  in  conventional  mechanical  testing 


Property,  or 
characteristic 

Symbol 

Definition 
(or  comments) 

Common  units 

SI  English 

Stress 

5 

Force/unit  area 
(F/A) 

pascal* 

(N’/mJ) 

psi* 

lb,/tn.J 

Strain 

e 

Fractional  deformation  (AL/L) 

Elastic  modulus 
Strength 

E 

Stress/elastic  strain 

Stress  at  failure 

pascal 

psi 

Yield 

Resistance  to  initial  plastic  deformation 

pascal 

psi 

Tensile 

Ductility 

S, 

Maximum  strength 

(based  on  original  dimensions) 

Plastic  strain  at  failure 

pascal 

psi 

Elongation 

t, 

(E.  -  L.)/L. 

§ 

§ 

§ 

§ 

ft-lb 

Reduction  of  area 

R  of  A 

(A.  -  A,)/ A. 

Toughness 

Energy  for  failure  by  fracture 

ioules 

Hardness* 

Resistance  to  plastic  indentation 

Empirical  units 

Figure  61.  The  high  temperature,  high  vacuum  tensile  testing  system 


Figure  62.  Experimental  layout  for  high  temperature  mechanical  testing 


Parts  of  the  external  heating  stage 


external  heating  stage 


were  fabricated  in  the  Mechanical  Development  Shop  at  Arizona  State 
University.  The  design  included  suitable  interfaces  and  tolerances 
between  the  parts.  Most  of  the  parts  were  drawn  to  scale,  hence  the 
absence  of  dimensions.  The  four-way  cross  chamber  was  designed  at  ASU 
but  fabricated  and  leak  tested  at  LATEC  Industries,  400  Bryce  Avenue, 
Los  Alamos,  New  Mexico  87544.  All  the  parts  were  designed  with  a  major 
restriction  that,  while  testing,  under  no  circumstance  does  the  cross 
bar  exceed  a  movement  of  25  mm.  Any  further  movement  would  damage  the 
delicat-'  flexible  coupling  that  was  purchased  from  Varian  Vacuum  Co. 

5.3.2  The  internal  stage 

The  internal  part  of  the  high  temperature  stage  was  the  nerve 
centre  for  the  entire  system  as  this  was  the  part  where  the  heated 
specimen  was  held  between  grips,  before  deformation.  The  entire 
internal  stage  assembly  was  housed  between  two  flanges  in  the  four-way 
chamber  (Part  number  9  of  the  external  stage).  Figure  66  shows  a 
partial  cross-sectional  view  of  the  internal  stage  between  flanges  1  and 
2.  The  top  flange  was  located  at  the  top  of  the  flexible  coupling  and 
the  bottom  flange  was  located  at  the  base  of  the  four-way  cross  chamber. 
The  actual  parts  comprising  this  stage  along  with  their  assembly  is 
shown  in  Figure  67.  There  were  two  unique  features  of  the  design  of 
this  grip  assembly. 

a)  Part  number  15  was  part  of  a  stainless  steel  ball  that  seats 
into  a  hemispherical  depression  in  Part  number  7.  This  allowed 
accurate  alignment  of  the  grip  when  the  specimen  was  about  to  be 


loaded. 


b)  The  ring  8  was  screwed  onto  the  grip  10  and  when  this  was 
tightened  against  the  bottom  of  part  7,  the  entire  grip  assembly 
from  the  flange,  to  the  pin  12,  became  one  rigid  construction 
and  this  permits  compression  loads  to  be  transmitted  directly  to 
the  specimen  without  any  relative  movement  in  between. 

The  grip  10  and  pin  12  which  were  in  direct  contact  with  the 
specimen  were  made  of  Inconel-750X  which  has  excellent  high  temperature 
resistance  and  strength.  Parts  11  and  13  were  special  ceramic 
insulators  made  of  Alumina  AD-998.  The  properties  of  Inconel  and  the 
ceramics  are  given  in  Table  17. 

Part  9  is  an  annular  cylinder  of  copper  with  spiral  copper  tubes 
brazed  on  the  external  surface.  Its  purpose  was  to  cocl  the  grip  if  it 
gets  too  hot  while  heating  the  specimen.  Because  of  the  large  thermal 
mass  of  the  sink,  it  was  anticipated  that  the  grips  would  have  to  be 
cooled  only  if  the  temperature  of  the  specimen  exceeded  2500  K.  All  the 
components  of  the  internal  stage  were  designed  with  utmost  caution  and 
fabricated  at  the  Mechanical  development  shop  at  Arizona  State 
University. 

5.3.3  Fabrication  and  preparation  of  the  tensile  test  specimen 

Tungsten  and  its  alloys,  being  extremely  hard,  are  virtually 
impossible  to  be  gripped  between  two  jaws  without  a  mechanical  means  of 
holding  it.  Invariably,  the  tungsten  cuts  through  the  grip  material  and 
slips  out  even  before  a  moderate  load  is  applied.  Hence,  it  was 
necessary  to  design  a  button  head  sample  according  to  ASTM  [H] 
Standards.  The  final  configuration  of  the  sample,  based  on  stress 
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Table  17.  Important  properties  of  Inconel  750X  and  ceramic  AD-998. 


1)  Inconel  750X. 


Description:  It  is  an  age  hardenable  alloy  with  gooC 

corrosion  and  oxidation  resistance.  Also  posseses 

excellent  relaxation  resistance. 

Major  Applications:  Gas  turbine  parts,  Steam  service  and 
nuclear  reactor  springs,  bolts,  vacuum 
envelopes,  extrusion  dies,  bellows  forming 
tools . 

Nominal  chemical  composition:  Ni+Co  “13%,  Ti  -2.52,  Fe  - 
72,  Cr*15. 52 . 

Thermal  conductivity:  12  W/m°C  at  20°C. 

22.9  W/m°C  at  8l5°C. 

Oxidation:  Good  to  excellent. 

Carburization:  Good  to  excellent. 

High  temperature  strength  and  stability:  Good  to  Exc. 

Tensile  strength:  1117*1331  MPa. 

Yield  strength:  793*979  MPa. 

Elongation  in  2":  30  *  152. 

B.H.N.:  300  *  390 


2)  Ceramic  AD-998. 


Specific  gravity:  3-96 
Rockwell  hardness:  90 
Crystal  size:  1*6  microns. 

Color:  Ivory 

Compressive  strength:  3792  MPa  at  25°C. 

1930  MPa  at  1000°C. 

Flexural  strength:  283  MPa.,  TYP.  25°C. 

Tensile  strength:  207  MPa  at  25°C. 

103  MPa  at  1000°C. 

Modulus  of  elasticity:  393  GPa. 

Shear  modulus:  162  GPa. 

Poisson's  ratio:  0.22  „ « 

Coeff.  of  linear  thermal  expansion:  3.  4^x10  /00C. 

at  25°C. 

Thermal  conductivity:  39.7  W/m*K  at  20°C. 

6.3  W/m*K  at  800CC. 

Specific  heat:  880  J/Kg.*K  at  100°C. 
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calculations  is  shown  in  Figure  68.  The  specimen  itself  was  fabricated 
by  cutting  out  plates  (2i4mm  x  6mm  x  0.75  mm)  from  the  6.^  mfn.  diameter 
rods.  A  special  diamond  embedded  cutter  with  a  thickness  of  0.6*1  mm. 
was  used  for  this  purpose.  Proper  precautions  were  observed  to  maintain 
a  feed  rate  that  would  not  distort  the  machined  surface.  The  plates 
were  then  mounted  on  an  end  milling  machine  and  the  right  contours  were 
machined  using  a  diamond  core  drill  operated  at  a  speed  of  about  1000 
r pm.  In  spite  of  the  high  speed  and  the  fact  that  a  diamond  core  drill 
was  used,  the  machined  surface  was  not  smooth  and  so  it  had  to  be 
precision  machined  in  the  electrical  discharge  machine.  The  specimen 
was  held  in  the  fixture  shown  in  Figure  69  and  machined  with  a  specially 
designed  brass  electrode  assembly.  The  specimen  was  then  mechanically 
polished  with  carborundum  wet/dry  paper  and  lapped  to  remove  the  bulk  of 
the  stress  concentrators.  It  was  finally  electropolished  in  10%  aqueous 
solution  of  sodium  hydroxide  with  an  inconel  cathode.  Figure  70  is  an 
electrical  schematic  for  the  electropolishing  process  and  Figure  71  is 
the  finished  product  ready  to  be  tested  in  the  testing  stage. 

5.1*  General  instrumentation 

There  were  three  major  contributors  to  the  general  instrumentation 
of  the  high  temperature,  high  vacuum  tensile  testing  system.  These  were 
the  high  vacuum  system,  the  specimen  heating  system  and  the  all 
important  temperature  measurement  system. 

The  ion-pump  vacuum  system 

For  the  reasons  mentioned  earlier,  it  was  necessary  to  conduct  the 
test  in  an  extremely  clean  environment.  For  this  purpose,  it  was 
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Figure  69.  Fixture  for  holding  the  specimen  in  the  EDM. 
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decided  that  the  heated  sample  would  be  fractured  under  a  vacuum  of 
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better  than  10  torr.  In  order  to  achieve  this  kind  of  a  vacuum 
atmosphere,  the  chamber  had  to  be  evacuated  in  two  stages.  The  sorption 
pump  was  used  for  roughing  purposes,  to  bring  the  vacuum  down  to  about 
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10  torr  and  then  the  ion-pump  continued  the  evacuation  down  to  the 
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10  torr  range.  Every  time  the  interior  is  exposed  to  atmospheric  air, 

moisture  seeps  into  small  crevices  thereby  increasing  the  load  on  the 

ion-pump.  To  reduce  this  effect,  nitrogen  gas  was  purged  through  the 

entire  system  while  switching  specimens.  Further,  a  baking  system  with 

a  thermostat,  was  switched  on  when  the  vacuum  was  about  10  torr.  When 

the  system  was  baked  for  seventy-two  hours  at  5?3  K,  most  of  the 

adsorbed  gases  were  eliminated  thereby  helping  the  ion  pump  to  bring  the 
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vacuum  down  to  the  10  torr  range. 

5.^.2  The  sample  heating  system 

The  specimen  was  heated  up  using  alternating  current  from  a  low 
voltage,  high  current  power  supply.  The  output  from  the  power  supply 
was  carried  to  the  two  current  feedthroughs,  at  the  side  of  the  four-way 
cross  chamber,  by  means  of  copper  wires  as  shown  in  Figure  62.  Inside 
the  vacuum  system,  copper  leads  carry  the  current,  through  thick 
tantalum  sheets,  the  loading  pin  and  then  the  specimen,  and  the  circuit 
is  completed  back  to  the  power  supply.  Tantalum  was  used  between  the 
copper  and  the  inconel  pin  because  it  has  a  high  melting  point  and 
serves  as  a  sink  to  the  heat  generated  near  the  pin.  High  quality 
ceramics  were  used  to  prevent  any  short  circuits  in  the  heating  system. 


5.4.3  The  temperature  measurement  system 

Because  of  the  nature  of  the  testing  and  the  method  of  heating 
chosen,  it  was  impossible  to  get  any  useful  thermocouple  output  as  the 
potential  difference  in  the  circuit  introduces  spurious  signals  which  do 
not  mean  anything  as  far  as  the  temperature  is  concerned.  Further,  even 
if  we  were  to  use  a  micro-optical  pyrometer,  it  would  be  impossible  to 
drill  a  hohlraum  in  the  specimen  as  it  would  act  as  a  stress  raiser. 
For  this  purpose  it  was  decided  that  the  pulse  counting  photon  counter 
would  be  used  to  measure  the  surface  temperature  of  the  specimen,  while 
it  was  being  heated.  The  surface  temperature  would  then  be  converted  to 
the  actual  temperature  with  a  couple  of  pre-calibrated  plots.  It  was 
found  that  with  this  kind  of  measurement,  the  accuracy  in  temperature 
readings  were  ±  20°C. 

5.4.3. 1  Calibration  of  photon  counter  and  optical  pyrometer 

The  calibration  of  the  photon  counter/optical  pyrometer  was  carried 
out  in  two  stages.  In  the  first  calibration  test,  a  tungsten-rhenium 
disc  with  a  sufficiently  big  hohlraum  was  spot  welded  to  a  tantalum 
holder  and  heated  in  the  bell- jar  system  with  a  vacuum  of  2x10  torr. 
The  hohlraum  was  then  viewed  with  the  photon  counter  as  well  as  the 
optical  pyrometer  at  different  temperatures  to  get  the  calibration  plot 
(CC1)  shown  in  Figure  72. 

In  the  second  calibration  test,  an  identical  series  of  temperature 
measurements  were  made  but  this  time  an  electropol ished  tensile  test 
sample  with  a  very  small  hohlraum  at  its  side,  was  welded  to  the 
tantalum  holder  instead  of  the  disc  in  the  first  calibration  test.  In 
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Figure  72.  Calibration  of  photon  counter/optical  pyrometer 
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this  case  the  hohlraum  was  viewed  with  the  optical  pyrometer  but  the 
adjacent  surface  was  viewed  with  the  photon  counter  to  get  the 
calibration  plot  (CC 2).  The  entire  calibration  procedure  is  based  on 
the  assumption  that  the  attenuation  of  the  bell- jar  is  the  same  as  that 
of  the  viewport  in  the  tensile  testing  stage.  During  the  actual  test, 
the  surface  temperature  was  measured  with  the  photon  counter  and  the 
actual  temperature  was  obtained  with  the  calibration  curves  as  shown  in 
Figure  72. 

5.5  Experimental  procedure. 

After  the  sample  was  electropolished,  it  was  mounted  between  the 
inconel  loading  pins  in  the  internal  stage.  The  internal  stage  was  then 
assembled  in  position  inside  the  four-way  cross  chamber  and  the  chamber 
connected  to  the  ion-pump  through  an  adaptor.  The  ion  gauge,  the 
electrical  feed  throughs  and  suitable  valves  for  roughing  were 
positioned  on  the  flanges  at  the  sides  of  the  vacuum  chamber.  Flanges 
that  were  not  used  for  any  specific  purpose  were  sealed  with  viewports. 
The  entire  set-up  was  then  brought  between  the  cross  bars  of  the  Instron 
tensile  testing  system  and  the  load  cell  and  flexible  bellows  coupling 
mounted  in  position.  Electrical  connections  were  then  made  through  the 
loading  pins  and  the  sample,  to  provide  the  necessary  resistance 
heating.  The  cross  ba>"  was  moved  such  that  the  flexible  coupling  was 
completely  compressed  and  adjustments  were  made  in  the  internal  stage  to 
have  the  specimen  properly  gripped  in  position.  The  cross  bar-stops 
were  then  located  in  position  to  limit  its  movement  after  the  specimen 


had  fractured. 


The  next  step  was  to  calibrate  the  load  cell.  This  was  done  using 

an  electronic  calibration  signal  and  the  chart  recorder  in  the  Instron 

controls.  The  position  of  the  pen  was  adjusted  to  give  full  scale 

deflection  at  a  particular  load.  The  movement  on  the  chart  recorder 

with  the  same  calibration  signal  but  varying  multiples  of  the  initial 

load  setting  were  also  checked.  The  sorption  pump  was  now  activated 

after  routine  electrical  continuity  checks.  When  the  vacuum  had 

_  2 

attained  a  level  of  10  torr,  the  ion  pump  was  switched  on  to  bring  the 
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vacuum  down  to  10  torr.  At  this  stage  the  pumping  efficiency  came 
down  due  to  the  outgassing  of  adsorbed  gases  inside  the  system.  At  this 

stage,  the  entire  system  was  baked  at  523  K  for  about  forty  eight  to 

seventy  two  hours.  After  baking,  the  vacuum  was  found  to  have  improved 

_  • 

to  10  torr.  The  environment  inside  the  vacuum  chamber  was  now 
suitable  for  annealing  the  specimen  and  eventually  fracturing  it  in 
tension.  The  electrical  power  is  then  supplied  to  heat  up  the  gauge 
section  of  the  specimen.  When  this  section  starts  glowing,  the  photon 
counter  is  focussed  on  the  lateral  surface  and  energy  counts  recorded  by 
the  thermal  printer.  The  current  flow  through  the  specimen  is  increased 
until  the  required  temperature  is  attained.  The  specimen  is  then 
maintained  at  this  temperature  for  a  period  of  one  hour  before  the 
Instron  controls  are  activated  to  make  the  cross  bar  move  up  at  a  speed 
of  0.05  inches  per  minute.  The  chart  recorder  speed  is  adjusted  using  a 
system  of  gears.  The  load-deflection  curve  from  the  chart  recorder  is 
then  filed  for  future  analysis. 

Before  opening  the  chamber  to  replace  the  specimen,  the  vacuum 
chamber  is  purged  with  nitrogen  gas  until  the  pressure  is  slightly  above 


atmospheric  pressure.  The  front  viewport  is  then  opened  and  the 
fractured  sample  stored  for  further  analysis  before  inserting  a  new 
sample.  The  entire  procedure  is  repeated  and  the  sample  fractured  at  a 
slightly  higher  temperature. 

5.6  Results  and  discussion 

Though  the  experimental  set  up  did  not  pose  any  problems  in 
fabrication  and  assembly,  the  fabrication  of  the  tensile  test  specimen 
itself  was  a  major  hurdle  in  the  process  of  activating  the  entire 
system.  Brass  and  aluminum  samples  with  known  ultimate  and  yield 
strengths  were  first  fabricated  to  calibrate  the  entire  system  including 
the  resistance  offered  by  the  bellows  system.  However,  when  the 
tungsten  samples  were  being  fabricated,  a  number  of  problems  were 
encountered,  most  of  them  having  to  do  with  the  brittle  nature  of  the 
material  and  improper  sintering  procedures.  The  magnitude  of  the 
complications  involved  can  be  comprehended  from  the  fact  that  150  man¬ 
hours  of  machining  could  produce  just  four  samples  from  a  quarter  inch 
diameter  rod  with  a  length  of  25  cms.  This  should  have  otherwise 
produced  at  least  twenty  samples.  Figure  73  shows  the  various  steps  in 
the  fabrication  procedure  from  the  raw  material  to  the  electropol ished 
specimen  ready  to  be  tested.  About  fifty  percent  of  the  total  time  for 
machining  was  taken  up  in  slicing  plates  from  the  rod,  using  a  diamond 
cutting  wheel.  Most  of  the  problems  were  encountered  after  this  stage, 
as  shown  in  Figure  7^. 

Figure  71*  shows  some  of  the  stages  at  which  the  samples  failed 
during  fabrication.  There  were  two  reasons  for  this  failure  during 
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fabrication.  The  first  was  that  it  was  impossible  to  clamp  the  plates 
firmly  in  the  vice  because  of  the  brittle  nature  of  the  material. 
Excessive  stress  while  clamping,  induced  stresses  inside  the  material 
and  subsequent  crack  propagation  resulting  in  the  entire  plate 
shattering  to  pieces.  The  second  reason  was  that  the  material  was  not 
sintered  in  a  suitable  environment,  at  appropriate  temperatures,  leaving 
long  streaks  of  oxidized  surfaces  inside  the  bulk  of  the  material.  The 
moment  an  end  mill  encountered  such  a  surface  the  sample  would  part 
exposing  the  bluish  colored  oxidized  surface.  As  seen  in  Figure  74, 
about  ninety  percent  of  the  failures  were  due  to  the  presence  of 
microcracks  and  oxidized  regions  in  the  bulk  of  the  material.  These 
problems  have  been  reported  to  the  suppliers  who  are  looking  into  the 
matter  and  suitably  modifying  their  sintering  procedures  to  minimize 
such  defects  in  future  sintered  materials. 

As  a  result  of  these  fabrication  problems,  there  were  very  few 
samples  available  for  testing.  Considering  all  the  factors  involved  in 
high  temperature  tensile  testing,  it  would  be  advisable  to  have  at  least 
fifty  samples  before  any  meaningful  results  can  be  derived  from  the 
tests. 

Table  18  and  Table  19  give  high  temperature  tensile  properties  of 
various  W,Re  alloys  as  obtained  by  previous  investigators.  Though  these 
do  not  contain  all  the  samples  of  interest  to  us,  the  tables  do  give  the 
trends  expected  of  the  W,Re  and  W,Re,Th02  alloys  that  were  to  be  tested 
in  the  high  temperature  tensile  testing  system. 

Table  18  is  a  compilation  of  the  high  temperature  tensile 
properties  of  W,Re,Th02  samples  manufactured  by  powder  metallurgy 
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techniques.  These  results  were  obtained  by  Sell  et  al  .  [60]  who 
realized  that  data  on  pure  W-5  or  W-IORe  alloys  prepared  by  powder 
metallurgy  were  lacking.  Tensile  tests  were  made  in  the  temperature 
range  from  room  temperature  to  2673  K.  Tests  above  1100  K  were 
performed  at  a  cross  head  speed  of  0.05  inches  per  minute.  It  was  found 
that  when  3$  Re  was  added  to  tungsten,  it  remarkably  increases  the 
strength  up  to  2173  K.  Additions  of  5  or  10$  Re  further  enhances  the 
strength  but  this  strength  enhancement  is  not  retained  at  temperatures 
above  2273  K.  The  coarse  2$  Th02  dispersion  in  the  W~5Re  alloy  was 
found  to  have  little  effect  on  the  strength  of  the  alloy  below  1 773  K 
and  only  slightly  improved  its  strength  above  this  temperature.  But 
they  did  observe  a  marked  strengthening  effect  of  a  fine  Th02  dispersion 
in  the  W-Re  alloy  at  1773  K.  In  conclusion,  the  general  observations 
made  in  the  high  tempeorature  tensile  tests  were  that, 

•  rhenium  significantly  increased  both  the  yield  and  ultimate 
stresses  up  to  2173  K. 

•  for  each  alloy,  the  yield  stress,  the  ultimate  stress  and  the 
reduction  in  area  decreased  with  increase  in  temperature,  except 
for  the  W-5Re-2Th02  alloy  that  exhibited  a  flat  profile  for  the 
reduction  in  area. 

•  the  high  yield  stress  and  ultimate  stress  values  of  the  recovered 
alloy  reflect  the  effects  of  substructure  stabilization. 

•  fine  Th02  dispersion  could  cause  an  increase  of  as  much  as  2000 
to  4000  psi  in  the  ultimate  stress  of  the  recrystallized  alloy. 

Table  19  is  a  summary  of  some  previously  investigated  high 
temperature  tensile  properties  of  alloys  involving  W,Re,Th02  and  HfC. 


Table  19.  Iligb  temperature  tensile  properties  of  other  solid*-solution  alloys  of  Interest 


This  information  is  presented  here  to  give  the  reader  a  feel  for  the 
trends  expected  in  the  high  temperature,  high  vacuum  tensile  testing  of 
W,Re  additive  alloys.  It  was  noticed  [6]  that  the  strength  of  cold- 
worked  tungsten  decreases  with  increase  in  temperature.  The  behavior  of 
any  piece  was  found  to  depend  on  its  prior  history  and  structure.  A 
large  part  of  the  problem  involved  in  maintaining  the  strength  of 
tungsten  at  temperatures  above  1600  K  was  that  of  inhibiting  or  delaying 
recrystallization.  High  temperature  tensile  tests  conducted  by  Hall  and 
Sikora  [27],  on  as-received  cold  worked  and  recrystallized  tungsten, 
revealed  that  at  about  1  973  K  the  as-received  material  recrystallized 
sufficiently  during  testing  that  its  strength  dropped  to  that  of  the 
originally  recrystallized  tungsten.  Table  27  also  illustrates  the 
strengthening  of  tungsten  wire  by  Th02  additions,  investigated  by  Knoll 
[38].  A  0.75  percent  increase  in  Th02  was  found  to  increase  the 
elevated  temperature  ultimate  strength  from  8.7  ksi  to  1^.0  ksi.  Yih 
and  Wang  [72]  indicated  that  in  order  to  maintain  high  ultimate  strength 
and  ductility  at  temperatures  above  1900  K,  a  small  quantity  of  hafnium 
has  to  be  added  to  the  W,Re  alloy.  The  change  in  ductility  of  tungsten, 
as  represented  by  the  reduction  in  area,  at  1900  and  2200  K  is  reduced 
considerably  by  the  additon  of  rhenium  and  thoria.  Addition  of  a 
stoichiometric  quantity  of  carbon  to  the  hafnium,  increased  the  yield 
strength  as  well  as  the  ultimate  strength. 

Tensile  tests  were  performed  by  Raffo  et  al.  [51],  in  a  vacuum  of 

_  s 

less  than  5x10  torr  at  a  constant  crosshead  speed  of  0.05  inch  per 
minute.  The  specimens  were  brought  to  the  temperature  in  approximately 
one  hour  and  held  at  that  temperature  for  the  desired  duration  prior  to 
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testing.  They  obtained  data  in  both  the  as-swaged  and  recrystallized 
conditions.  The  most  important  observation  made  in  these  results  was 
that  at  2200  K  the  as-swaged  and  recrystallized  tensile  strengths  were 
nearly  identical  indicating  the  effect  of  inhibiting  recrystallization 
was  minimal  in  this  alloy.  A  W^S-^Re,  0.27Hf,C  alloy  was  subjected  to 
high  temperature  tensile  testing  by  Klopp  and  Witzke  [36].  They  found 
that  at  1350  K  and  1650  K  the  swaged  alloy  retained  its  high  strength. 
At  higher  temperatures  however  the  strength  decreased  rapidly  and  at 
2200  K  the  alloy  had  only  a  modest  strength  advantage  over  the  binary 
W,24Re  alloy.  Annealing  at  about  2200  K  reduced  the  tensile  strength  as 
compared  to  the  swaged  alloy. 

The  observations  made  by  these  earlier  investigators  and  their 
results  summarized  in  Table  18  and  Table  19  should  serve  as  an  initial 
guideline  to  the  tests  to  be  conducted  in  the  present  system. 
Investigations  can  be  made  in  areas  which  have  not  been  touched  upon  and 
thereby  gain  useful  knowledge  on  W,Re,Th02  alloys. 
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6.  FACILITY  DEVELOPMENT 

As  a  part  of  the  study  of  material  problems  for  high  temperature, 
high  power  space  energy  conversion  systems,  it  was  proposed  that  we 
build  an  electron  beam  floating  zone  refiner,  that  could  serve  the  dual 
purpose  of  purifying  materials  and  also  distributing  a  desired  impurity 
uniformly  throughout  the  material.  Zone  melting  is  a  general  term  for 
controlling  the  distribution  of  soluble  impurities  or  solutes  in 
crystalline  materials.  Here,  a  short  molten  zone  travels  slowly  through 
a  relatively  long  solid  charge  and  while  travelling  redistributes  the 
solutes  in  the  charge. 

Figure  75  is  a  schematic  of  the  zone  refining  chamber  built  at  the 
Thermionic  Laboratory  at  Arizona  State  University.  The  system 
essentially  consists  of  a  four-way  cross  vacuum  chamber  with  cooling 
water  lines  on  its  peripheral  surface.  The  chamber  is  evacuated  with  a 
sorption  pump-ion  pump  combination.  The  specimen  is  held  in  position  by 
two  linear  motion  feedthroughs.  The  electron  beam  source  is  a  filament 
which  surrounds  the  specimen.  This  electron  gun  can  be  moved  up  and 
down  at  several  speeds  with  the  help  of  the  stepper  motor  operated  ultra 
high  vacuum  linear  motion  drive.  This  unit  was  specially  designed  for 
high  vacuum  applications  and  supplied  by  Kurt  J.  Lesker  Co.  from 
Pennsylvania,  Figures  76  and  77  provide  two  views  of  the  partially 
completed  zone  refining  system. 


,V  v" 


r 


MW.W  WA'k'  H"  g  w  *rm  V  *  >. 


TTTT 


9 


A 


i? 


V, 

V*. 


LU 

> 

x 

o 

x 

g 


l/) 

X 

o 

x 

o 

x 

X 

fe 

LU 

LU 


X 

cd 

x 

o 

x 

i 

LU 

tf 

X 

o 

& 


LU 

X 

CC 

X 

o 


cc 

2 


CC 
LU 
CL 
CL 
LU 
I — 

CO 

—  cJ  rd 


to 

LU 

co 

x 

H 

X 


o 

o 

o 

X 

LU 

I 


00 

Q 

X 

LU 

X 


LU 

6 


X 

CD 

X 

o 

X 

X 

£ 

LU 

Ll 


X 

CD 

X 

o 

X 

X 

F 

a 

LU 

LU 

X 

LU 


2 

w  ^ 

2 

F 

X 

O 

X 

o 

o 

2 

§ 

fe 

X 

O 

2 

F 

o 

o 

2 

s 

X 

5 

O 

X 

< 

X 

X 

< 

> 

CL 

o 

LU 

X 

CO 

X 

< 

X 

< 

X 

Ll 

X 

X 

X 

X 

X 

CO 

2 

X 

2 

X 

X 

CD 

X 

B* 

X 

> 

in 

CD 

CO 

cr> 

o 

*~  I 

cJ 

F 

X 

X 

X 

o 

X 

F 

2 

O 

O 

g 

ro 


* 


151 


<x 

0) 

L. 

0) 

c 

o 

N 


0- 

O 


-X 

<TJ 


x: 

o 

CO 


in 

N 


0> 

L. 


co 

u. 


T1^ 


£y>:| 

,W-*v 

*  •  • «  _ 

^.v.1 


tel 

K  ,  . 


2 

•  .•  ;■  .n 
"  V  '  %-\i 

X 

F 

"**/•**  **1 

CO 

*  •  .  V 

>* 

05 

’/ 

to 

X> 

C 

.»  "  •  -  '  4 

2 

<D 

C 

» _ 1 

X 

X 

o 

o 

Cl 

O 

/  .<■  '  « 

MVIV 
-  "  .  *  .  “  ■ 
.‘/'AV, 

5 

E 

0) 

y>v‘ 

4J 

o 

05  * 

F 

05 

I  <! 

2; 

CO 

c 

•y.-'.-LV 

»  *  •  4  *  1 

o  -,.  jj 

."VW 

N*  M 

::SS 

*  -/  • 

•  •  . 


*,  V 

v;/-; 


,v 

•  V 


7. 


GENERAL  CONCLUSIONS 


The  results  from  the  thermionic  emission  microscopy  of  the 
tungsten,  rhenium  alloys  revealed  that  work  function  is  strongly 
dependent  on  temperature  but  is  not  a  very  strong  function  of  rhenium 
content.  Rhenium  additions  above  10$  increased  the  work  function  of 
tungsten  and  delayed  recrystallization  considerably,  thereby  producing 
the  desired  small  sized  grain  configuration.  The  samples  tested  had  a 
porosity  of  8$,  as  a  result  of  which  there  was  a  lack  of  homogeneity  in 
the  material  and  this  could  affect  both  grain  growth  and  thermionic 
emission.  The  dip  in  work  function,  as  the  rhenium  content  is  increased 
from  3$  to  25$,  can  be  clearly  understood  if  a  detailed  analysis  is 
carried  out  in  this  range  with  small  increments  in  rhenium  content.  A 
correlation  between  the  work  function  and  the  ductility  of  the  W,Re 
alloy  in  this  range,  would  certainly  provide  some  enlightening 
explanations  for  the  unusual  behavior  observed. 

Even  though  the  experimental  error  in  work  function  values  was 
evaluated  as  ±  0.0M  eV.,  there  are  other  sources  which  might  contribute 
to  the  error.  These  are,  a)  fluctuations  in  power  supply,  b)  sample, 
accelerating  and  decelerating  voltages,  c)  sample  preparation. 
Precautions  were  observed  wherever  possible  but  there  is  still  room  for 
improvement  in  measuring  the  emission  current  more  accurately. 

Normal  spectral  emissivity  data  for  sintered  tungsten  and  tungsten, 
rhenium  alloys  has  been  obtained  with  a  photon  counting  pyrometer.  From 
the  results  obtained,  it  is  observed  that  emissivity  is  not  a  very 
strong  function  of  alloying  content  or  temperature,  but  certainly 
depends  on  the  surface  condition  for  radiation  of  a  given  wavelength. 


155 

In  general  the  emissivity  of  each  alloy  was  found  to  decrease  with 
temperature  due  to  the  removal  of  surface  undulations  during  annealing. 
Suitable  measures  have  to  be  taken  Into  account  for  the  major  sources  of 
error,  which  are  a)  dead  time  between  pulses,  and  b)  the  size  of  the 
targeted  sample.  The  former  was  corrected  by  using  neutral  density 
filters  to  reduce  the  number  of  counts,  and  the  latter  by  using  a  camera 
lens  and  a  0.1  mm.  aperture.  In  the  present  situation  it  is  hard  to  say 
if  the  emissivity  of  the  alloy  is  related  to  the  emissivites  of  the 
related  constituents. 

As  a  result  of  the  elevated  temperature  tests  conducted  on  the 
sintered  tungsten,  rhenium  alloys,  the  one  hour  recrystallization 
temperature  for  sintered  tungsten  was  found  to  be  1625  K  and  that  for 
tungsten,  rhenium  alloys  was  around  1900  K.  Very  little  change  in 
recrystallization  temperature  was  observed,  with  Increase  in  rhenium 
content.  Microhardness  measurements  revealed  the  nature  of  the 
softening  of  tungsten,  rhenium  alloys  at  elevated  temperatures.  The 
introduction  of  rhenium  into  tungsten  sharply  decreases  the  grain  size 
during  recrystallization.  This  is  evidenced  by  the  fact  that  the 
recrystallized  grain  size  decreased  from  62  ym  for  tungsten  to  32  ym  for 
W-25  at.JRe.  In  general,  the  results  obtained  are  expected  to  be  of 
scientific  interest  and  potentially  useful  for  future  research  work  on 
the  elevated  temperature  softening  of  refractory  metals  and  alloys. 

The  addition  of  1j  of  thoria  to  each  of  the  W,Re  alloys  did  not 
change  the  emissivity  behavior  appreciably  but  did  provide  steadier  and 
lower  values  of  emissivity  which  is  rather  important  from  the  point  of 
view  of  application  in  a  TEC.  However  the  thoria  did  provide  some 


dispersion  strengthening  in  the  W,25Re  and  W,30Re  samples  and  their 
recrystallization  temperatures  were  increased  by  about  150  to  200  K.  As 
the  microstructures  were  not  very  clear  it  was  not  possible  to  get  the 
recrystallized  grain  sizes  for  the  alloys  with  25?  and  30$  Re. 

The  addition  of  1$  of  thoria  to  the  samples  tested  for  thermionic 
emission  revealed  that  there  was  a  marginal  increase  in  the  work 
functions  when  compared  to  the  W,Re  alloys.  The  variations  with 
temperature  and  rhenium  content  were  not  as  pronounced  as  that  for  the 
W,Re  alloys,  leading  one  to  believe  that  ductility  may  have  contributed 
to  the  anomalous  behavior  observed  earlier. 


8.  RECOMMENDATIONS  FOR  FUTURE  RESEARCH  ACTIVITY 
i)  Thermionic  Emission: 

The  present  research  program  provided  some  insight  towards  the 
direction  of  future  research  activity  in  thermionic  emission  and  work 
function  evaluation.  W,Re  and  W,Re,Th02  alloys  were  evaluated,  but 
there  still  appears  to  be  some  ambiguity  in  the  results  for  rhenium 
contents  between  5%  and  15? .  A  detailed  study  of  the  alloys  with  small 
increments  in  rhenium  content  in  this  range  involving  correlations 
betwen  ductility  and  work  function  would  provide  some  enlightenment  on 
the  anomalous  behavior  that  was  observed  in  the  present  study. 

The  optimization  study  on  the  ideal  W,Re,Th02,  HfC  alloy  would  be 
complete  only  when  the  properties  of  the  W,Re  alloy  with  stoichiometric 
amounts  of  thorium  and  hafnium,  are  evaluated.  This  would  involve  using 
a  W-25Re-1Th02-0.3HfC  alloy  as  the  base  alloy  system  and  then  testing 
samples  with  very  small  increments  in  thorium  and  hafnium.  As  far  as 
the  thermionic  emission  microscope  is  concerned,  it  is  quite  obvius  that 
the  difference  in  vacuum  levels  indicated  by  the  ion  pump  and  the  ion 
gauge  necessitates  the  use  of  an  additional  ion-pump  very  close  to  the 
emitter  assembly.  The  welded  bellows  assembly,  which  has  a  small  leak 
should  be  replaced.  A  baking  chamber  for  the  ion  pump  would  certainly 

_  i  o 

help  bring  the  vacuum  level  to  the  10  torr  range. 

ii)  Emissivity  measurement  and  recrystallization  studies: 

Though  the  general  trend  for  the  emissivity  and  the  microhardness 
values  of  the  W,Re  and  W,Re,  Th02  samples,  was  to  decrease  with 
temperature,  no  attempts  were  made  to  check  the  surface  composition  at 


each  stage  of  the  experiment.  This  would  reveal  if  the  results  obtained 
are  valid  at  the  surface  only  or  in  the  entire  bulk  of  each  specimen. 
Both  Auger  electron  spectroscopy  and  scanning  electron  microscopy  are 
recommended  at  the  conclusion  of  each  stage  of  annealing  to  get  a 
qualitative  and  quantitative  measure  of  grain  boundary  segregation  of 
impurities.  Further,  emissivity  being  a  surface  phenomenon,  would  be  a 
strong  function  of  the  surface  roughness.  In  order  to  find  out  the 
effect  of  surface  roughness,  it  would  be  interesting  to  have  different 
surface  roughness  around  the  hohlraum  and  study  the  variation  of 
spectral  emissivity. 

Since  a  diffusion  pumped  system  was  used  for  emissivity 
measurement,  it  becomes  virtually  impossible  to  have  an  environment  free 
of  contaminants,  such  as  oil  vapor  etc.  To  avoid  this  problem  it  would 
be  advisable  to  have  an  ion  pumped  vacuum  chamber  that  would  provide  a 
clean  environment  for  testing.  The  discriminator/amplif ier  and  the 
timer  counter  have  to  be  frequently  calibrated  as  i t  was  observed  that 
their  performance  strayed  a  number  of  times,  while  testing.  The 
performance  of  the  photon  counter  should  be  checked  for  thermal 
radiation  of  wavelengths  other  than  0.535  ym. 

iii)  Mechanical  testing  and  related  topics: 

The  instrumentation  for  the  present  set  up  allows  for  heating  the 
specimen  by  resistance  heating.  It  was  found  that  a  current  of  the 
order  of  60  ampheres  or  more  is  necessary  to  heat  the  specimen  to 
significant  temperatures.  This  could  prove  hazardous  at  very  high 
temperatures.  An  induction  heating  system  should  be  incorporated  in  the 
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present  testing  chamber.  This  would  also  allow  thermocouples  to  be 
mounted  on  the  heated  specimen  and  enable  the  measurement  of 
temperatures  below  1100  K.  This  is  quite  important  as  it  would  permit 
studies  on  ductile  to  brittle  transition  which  cannot  be  done  on  the 
existing  system. 

The  zone  refiner  should  be  able  to  purify  and  distribute  restricted 
amounts  of  impurity  in  sintered  samples.  It  would  make  the  laboratory 
self  sufficient  as  far  as  exotic  alloying  element  combinations  are 
concerned.  The  fractured  surface  should  be  observed  in  the  scanning  and 
transmission  electron  microscopes  in  order  to  get  a  measure  of  the 
relative  amounts  of  brittle  fracture,  ductile  fracture,  cleavage  etc.  at 
different  temperatures.  A  correlation  between  the  ultimate/yield  stress 
and  the  predominant  type  of  fracture  at  any  given  temperature  should 
prove  to  be  an  asset  in  the  selection  of  a  suitable  alloying  combination 
for  TEC  applications. 

The  grips  used  in  the  tensile  stage  should  be  modified  to  receive 
wires  so  that  tensile  testing  on  wires  could  be  carried  out  at  elevated 
temperatures.  As  we  already  have  a  facility  to  obtain  cesiated  work 
functions  of  wires  of  refractory  alloys,  it  would  certainly  be 
interesting  to  determine  the  relationship  betwen  mechanical  strength  and 
thermionic  work  function. 
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Appendix  -  2. 

Some  technical  data  on  the  thermionic  emission  microscope. 


Material  of  microscope  main  body 
Thickness  of  the  wall  of  the  chamber 
Length  of  the  microscope 
Internal  diameter  of  main  body 
Drive  accuracy  of  x,y,z  mechanism 


Accuracy  of  electrometer 

Distance  of  collector  from  screen  aperture 
Distance  between  filament  and  sample 
Torque  for  bolts  on  small  flanges 
Torque  for  bolts  on  large  flanges 
Experimental  error  for  wf  evaluation 
Approximate  output  voltage  for-TEC 
Approximate  current  density 
X-rays  emitted  from  the  device 
Noise  level  of  electrometer 
Best  theoretical  resolution 


S.S.  304 
(0.12") 

20" 

6.25" 

±0.001  " 

±2%  of  F.S.  in  the  range  3 
_  1 1 

to  10  amps. 

±4%  of  F.S.  in  the  range 

_ii  _  i  <• 

10  to  10  amps. 

0.06" 

0.03" 

16  ft-lbs. 

26  ft-lbs. 

±0-.04eV 

1  volt 

30  amps/ cm 2 

<  0.1  mR/hour 
_  j  » 

4x10  amps. 

12  A 


Resolution  with  electrostatic  lenses 


400  to  1000  A 
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ABSTRACT 

A  new  3.556  mm  collector  assembly  was  designed  and 
•fabricated  -for  a  vacuum  emission  testing  station  due  to  the 
availability  of  the  W-Re  sample  size.  Samples  of  37.  and  307. 
rhenium  were  tested.  Work  functions  of  the  two  samples  were 
found  to  be  functions  of  heating  time  in  the  tested 
temper atur e  range  between  1830  K  to  2127  K.  Each  sample  was 
tested  at  five  different  temperatures.  A  plot  of  the 
effective  work  function  versus  heating  time  was  generated  at 
each  temperature.  The  general  pattern  of  these  plots  were  an 
initial  minimum  point  followed  by  a  work  function  shift 
toward  a  higher  stable  final  value.  The  work  function  of 
the  37.  rhenium  sample  climbed  0.45  eV  during  a  6  hours 
testing  period.  The  307.  rhenium  sample  shifted  its  work 
function  earlier  than  the  37.  rhenium  one.  The  highest  work 
function,  approx i matel y  5.3  eV,  was  found  at  2011  K  for  the 
307.  rhenium  sample. 
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sample  at  several  temperatures  . 
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6.5  Work  function-heating  time  curves  of  different 
compositions  at  temperatures  around  2010  K  ... 
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1.  INTRODUCTION 


The  interest  of  using  thermionic  energy  conversion 
has  been  brought  up  for  several  reasons.  First  of  all,  power 
output  per  unit  weight  of  a  thermionic  converter  is 
relatively  high  compared  to  some  other  energy  converters. 
Secondly,  the  thermionic  converter  requires  less 
maintainance  and  lasts  longer  than  other  conventional 
converters.  Finally,  it  can  be  used  as  a  part  of  the  nuclear- 
generator  for  space  applications  Cl  3. 

A  thermionic  converter  can  be  considered  as  a  heat 
engine  that  uses  electrons  as  the  working  media.  Electrons 
at  a  hot  electrode  jump  out  to  reach  a  cold  electrode.  Then, 
during  their  way  back  to  the  hot  electrode  through  the 
circuit  connecting  two  electrodes,  these  electrons  deliver 
electric  power  to  the  environment. 

This  electron  emission  phenomenon  was  first 
discovered  by  Elster  and  Geitel  in  1882  C2T.  The  same 
effect,  which  is  referred  as  the  Edison  Effect,  was  also 
reported  by  Thomas  Edison  in  1883  C21.  However,  it  was  not 
until  Hatsopoulos  categorized  two  types  of  converters  in 
1956  that  the  subject  engendered  much  interest  Q23. 

The  amount  of  the  electrons  emitted  from  the  hot 
electrode  is  determined  by  the  electrode  surface 
temperature,  surface  conditions,  and  the  material  of  the 
electrode.  Different  materials  have  different  emission 
char acter i sti cs.  A  proper  measurement  of  the  emission 


whi ch  is 


character  i  sti  c  of  a  material  is  the  work  function, 
defined  as  the  energy  needed  to  remove  one  electron  from  the 
material  surface  to  infinite  distance.  High  work  function 

materials  emit  less  electrons  than  low  work  function 

mater i al s. 

There  are  two  kinds  of  work  functions;  bare  wort 
function  and  cessiated  work  function.  Studies  indicate  a 
drastic  work  function  change  of  a  material  by  introducing 
foreign  vapor  between  electrodes  C33.  The  most  common  vapor 
used  is  the  cessium  vapor ,  which  lowers  work  functions  of 
materials.  Conventionally,  the  work  function  of  the  material 
is  called  bare  work  function,  while  the  work  function 

affected  by  the  cessium  vapor  is  called  cessiated  wort, 
function.  An  interesting  fact  is  that  the  cessiated  work 
function  of  a  high  bare  work  function  material  is  lower  than 
that  of  the  low  bare  work  function  material.  For  this 
reason,  the  search  for  high  work  function  materials  became 
important  to  achieve  low  cessiated  electrode  work  function, 
and  thus,  improve  the  thermionic  conversion  efficiency. 

Materials  that  are  suitable  for  thermionic 
applications  are  mostly  refractory  materials  because  higher 
hot  electrode  temperature  gives  higher  conversion 
efficiency.  Also,  materials  used  for  electrodes  should 
have  good  mechanical  properties  such  as  high  strength, 
stable  structure,  and  less  creep  at  high  temperature. 

The  most  common  equipments  used  to  measure  the  wor f 
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2.  THERMIONIC  EMISSION  THEORY 

The  electrons  in  a  metal  have  both  kinetic  and 
potential  energy  as  a  -function  of  position.  According  to 
the  free  electron  model,  the  free  electron  gas  potential 
energy  is  arbitrarily  set  as  a  reference  zero  [43.  Then,  the 
total  energy  is  equal  to  the  kinetic  energy, e  ,  which  can  be 


represented  in  terms  of  velocity. 


»(V**V**V*) 


(2.1) 


where 


m=  electron  mass 


V^,  Vy,  Vz  =  velocity  components  in  >; ,  y,  and  z 


direction. 

When  the  kinetic  energy  is  much  higher  than  the  Fermi  energy 
of  a  metal,  Fermi-Dirac  distribution  of  state  density  can  be 


substituted  by  Boltzmann  distribution,  that  is 

ef-e 

f(e)  -  exp(-~— )  when  e  >>  ef 


(2.2) 

where  f(e)=  Fermi-Dirac  distribution  of  state  density. 
=  Fermi  energy  of  a  metal . 
k=  Boltzmann's  constant. 

T=  absolute  temperature  in  Kelvin. 


In  other  words,  the  density  of  electrons  in  velocity  space 
is  governed  by 

...  t.  -m(v*+V**V?) 

(2.3) 


. .  e.  -m(v*«-V**V2 ) 

f,dVxdVydVz  ■  fW  “Pi - nsf"*  ^dVxdVydVz 


where  Ti  =  Plank's  constant. 


f6  =  normalized  Fermi-Dirac  distribution  func 


1 1  on  =  2  (-xr 
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Let  the  energy  required  -for  one  electron  to  move  -from 
the  -free  electron  gas  to  infinite  space  be  the  work  function 
of  a  metal.  That  is,  in  order  to  leave  the  free  electron 
gas,  the  electron  must  have  a  kinetic  energy  higher  than  the 
sum  of  the  work  function  and  Fermi  energy.  Let  direction 
be  the  normal  of  the  electron  escaping  surface.  Then,  the 
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d i r ec 1 1 on  velocity,  V  *  of  the  escaping  electron  has  t o 

x 


satisfy  the  condition  of 


v*  i  t— TT-f  -  vBl„ 


(2.«t) 
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in  order  to  penetrate  the  surface.  The  number  of  electrons 


■  liable  at  velocity  V  within  an  infinitesimal  range  o->"  dV 


i  ef  -mV 

n(vx)dvx  -  ®xp(ux)  FidV> 


(2.5) 


where 


CP(-o^)  ^ 


(2.6) 


or  the  correspond i ng  integral  of  infinite  range  with  respect 
to  V  .  The  emitting  current  density,  J,  can  be  considered 


J  -  ,  eV  [l-r(v  )]  n(V JdV 

0  111  *  *  x  J 


(2.7) 


where  r^V^)  *s  required  by  quantum-mechanicaJ 
considerations  of  the  surface  conditions.  It  is  usually- 
assumed  that  r(Vx)  is  constant  [43.  Therefore,  the  current 
density  becomes 


-n-  .%\t 

-  .'v-v-’J 


J«  “  (27^^1_r)exP(kf)  ],  vx  exp(-  -^f)dVx  (2.8) 


AT2(1-r)exp(^|) 


(2.9) 


A  ’  2**1) 1  *  120  AmP/cm*  *  K*  (2.10) 

Equation  (2.9)  is  the  Ri  char  dson-Dushman  relation  for 
thermionic  emission.  When  an  electric  -field,  E,  in  in¬ 
direction  is  used  to  accelerate  electrons,  more  electrons 
are  able  to  escape  -from  the  metal  surface.  This  is  called 
the  Schottky  e-f-fect.  It  is  equivalent  to  think  that  the  work 
■function  is  lowered  by  the  applied  electric  -field.  In  a 
strong  electric  -field,  the  work  -function  is  lowered  by 


A<li  -  e(l6-^~)2  -  3. 'wo”*  E2  eV  for  E  in  V/cro  (2.11) 

Thus,  equation  (2.8)  in  strong  electric  field  becomes 

J  -  AT»(1-r)exp[~(^y)]  -  AT2(1-r)exp[-(^"j-  *!■-  -•  (2.12) 

Fig.  2.1  shows  a  ln(J)  versus  Schottky  plot  defining 
the  emission  property  of  a  pol ycrystal 1 ine  material.  At  low 
E,  in  case  one,  the  slope  is  determined  by  the  absolute 
average  patch  field,  Ep .  Ep  is  the  electrostatic  field 
resulting  from  the  inequality  in  the  work  functions  of 
adjacent  grains.  The  region  of  case  two  is  a  transition 
toward  the  strong-field  emission  of  case  three  region.  The 
extrapolation  of  the  case  three  region  obtains  the  cere 


field  current  density.  Reform  equation  (2.9), 


♦  -  -  kTtnlAT27l-r)l  (2.13) 

Ey  substituting  the  zero  field  current  density  into  equation 
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3.  DESIGN  AND  FABRICATION  OF  3.556  mm  DI AMEJER 

i 

;  COLLECJOR  ASSEMBLY 

Electrons  emitted  -from  the  sample  are  collected  by  the 
collector.  A  guard  ring  around  the  collector  prevents  the 
collection  of  electrons  -from  outside  the  testing  area.  Both 
the  collector  and  the  guard  ring  are  kept  at  the  same 
positive  voltage  relative  to  the  grounded  sample.  The 
collected  current  and  the  applied  voltage  can  be  used  in 
the  Ri chardson-Dushman  equation  to  calculate  the  effective 
work  -function  o-f  the  sample  surface. 

This  mechanism  produces  the  overall  effective  work 
funcion,  an  average  over  a  relatively  large  test  area. 
Moreover,  the  work,  function  testing  of  certain  crystalline 
orientations  can  be  performed  precisely  and  directly  if  a 
large  single  crystal  sample  is  available.  However,  a  large 
collector  area  results  in  considerable  heat  that  has  to  be 
dissipated  by  the  collector.  The  radiator  must  sufficiently 
dissipate  the  heat  in  order  to  eliminate  any  electron  back 
emission  current. 

This  system  had  a  collector  of  16  mm  diameter,  which 
means  the  sample  diameter  had  to  be  larger  than  16  mm.  Due 
to  the  availability  of  the  sample  size,  a  smaller  collector 
was  needed.  The  requirements  for  the  present  collector  were: 

1.  3.556  mm  diameter  collecting  surface. 

2.  Minimized  collector  and  guard  ring  surface  temperature. 

3.  Minimized  collector-guard  ring  gap. 


4.  Rigidity  of  the  collector  assembly  structure. 

A  presumed  model,  as  shown  in  Fig.  3.1,  was  established 
based  on  the  structure  o-f  the  diode  station.  Modifications 
had  been  made  before  a  final  design  was  completed.  The  final 
design  is  shown  in  Fig.  3.2-6.  The  following  assumptions 
had  been  made  in  calculating  the  required  radiator 
collecting  surface  area: 

1.  One  dimensional  steady-state  thermal  conduction. 

2.  Molybdenum  collector  surface  work  function  $c=4.5  eV 

3.  Maximum  operating  collector  current  density  J=0. 25  Amp /cm* 

4.  Emitter  surface  temperature  T  =2800  K 

5.  Emitter  surface  emissivity  ee=0. 3 

6.  Collector  surface  temperature  T  =700  K 

7.  Collector  surface  emissivity  ec  =0. 25 

B.  Collector  radiator  surface  emissivity  Er=0.6 

9.  Chamber  wall  temperature  ^enc  ^ 

10.  Chamber  wall  emissivity  Eenc  _l-)-  2 

11.  Maximum  bias  voltage 

The  collector  heat  input  includes  two  parts;  the  heat 
from  emitter  radiation  and  the  heat  from  electron  potential 
drop  upon  reaching  the  collector  surface.  The  total  heat 
i nput ,  °Tot  ’  must  equal  to  the  heat  output  of  the  collector 
radiator.  In  order  to  simplify  the  calculation  of  the 
radiation  heat,  assume  the  spacing  of  electrodes  is 
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Part  Name  *  Collector  Radiator 
Unit  *CM 


Top  View « 


Side  View « 


^635 


Material  *  Copper 


sufficiently  close  to  zero. 


According  to  the  calculation  of 


Robert  Siegel  and  John  R.  Howell  16],  the  effective 


emissivity  of  this  system  is 


’eff  ~  '■e  '  e  ' '  (3.1 ) 

e  c 

Therefore,  the  radiation  heat  received  by  the  collector 
surface  is 


Qrad  "  £eff°(Te  "  TcK  "  5*^314  W  (3*2) 

where  o  =  Stef an-Bol tzmann  constant1  5.6697E-8  W/m  K 

A  =  collecting  area  =  9.9315E-6  m* 

c 

This  assumption  leads  to  an  overestimated  value  in  actual 
radiation  heat  input  of  the  collector. 

When  an  electron  arrives  to  the  collector  surface,  the 
potential  of  the  electron  drops  to  the  Fermi  level  of  the 
collector  material.  Thus,  a  small  amount  of  heat,  equals  to 
the  work  function  of  the  collector  material,  must  be 
rel eased  at  the  same  time.  However,  a  more  important  source 
of  heat  release  comes  from  the  electron  kinetic  energy 
resulting  from  the  electron-accelerating  bias  voltage.  The 
kinetic  energy  of  each  electron  is  equal  to  the  biasing 
voltage  multiplied  by  the  electric  charge  of  one  electron. 
When  the  electron  hits  the  collector  su-face,  most  of  the 
kinetic  energy  is  transformed  into  thermal  energy. 
Therefore,  the  equation  of  electron  heating  at  the  collector 
surface  is 

Qel  '  C*o  +  Vblas)  J  Ac  "  2*-9m  W  (3-3) 


m 


I-V.V 


»  A  - 


hk  Jk  ^  .*>  klfc'A  AmV  ■*  ti'fc  ■ 


V.VA'V^ 


composite  slab  is  equal  to  the  suiti  o-f  the  thermal  resistance 


The  total  heat  input  at  the  collector  surface  becomes 

Qtot  “  Qrad  *  Qel  "  3°*38i42  W 


(3. 


°Tot  must  be  conducted  to  the  radiator  and  radiated 
toward  the  chamber  wall  which  is  constant  temperature  of  303 
K.  Assume  that  the  temperature  at  collector  radiator  is 
constant.  Also  assume  that  the  thermal  resistance  of  the 
col  1 ector-radi ator  contact  surface  is  negligible.  Let  R  be 
the  total  thermal  resistance  of  the  collector.  According  to 
M.  K.  Ozisik  17],  the  total  thermal  resistance  of  a 


of  each  slab. 

"lot  ■  \  A Jl  (3-5) 

where  length  of  the  ith  slab. 

Aj=  cross-section  area  of  the  ith  slab. 

thermal  conductivity  of  the  ith  slab. 

The  conductivity  of  molybdenum  was  found  to  be  125  W/rn.K 

CB3.  Modify  equation  (3.5)  to  get  the  total  thermal 


resistance  of  the  collector.  .  -■) 

„  «  ,  3.175.10-3  ,  f*-*"15-10  _ Oh 

“Tot  Km..  (3.556«,o"3)2  J0  (3.556.1o'3-2h) 

—  0  .O  ' 

C  D  **  n  imi  «  a  a. 


“3^  i2 


5.969*10  J 

r\  *2  •\2 


+  2-1971*10  _  i 

~t  "  -  5  .  o  J 


(l .2497*10~2)2  (l  .778*10~2)2 


1 25 it  *-251  +  100,1,3  *  38.22  ♦  69.5]  -  4.677  m*K/w  (3.6) 

T  -  T  3 

^ot  ■  (3.7) 

Substitute  appropriate  values  °f  Ojot  »  *  and  ^Tot  »  then  the 

radiator  temperature  is  calculated  to  be  558  kelvin.  Assume 

equation  (3.1)  and  equation  (3.2)  are  suitable  for  the 
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radiation  between  the  radiator  and  the  chamber  wall.  Then, 
the  radiator  sur-face  needed  to  dissipate  ^rot15  °*0343  “*  ■ 

The  guard  ring  design,  as  shown  in  Fig.  3.4  and  Fig. 
3.5,  has  a  minimum  cross-section  area  o-f  6.45  cm2,  which  mav 
conduct  heat  to  the  609  cm2  guard  ring  radiator.  Although 
some  o-f  the  guard  ring  radiator  surface  is  blocfed  by  the 
collector  radiator,  the  guard  ring  should  still  be  cool 
enough  while  testing  a  19  mm  diameter  sample.  In  other 
words,  the  new  collector  assembly  has  the  ability  of  testing 
any  sample  size  from  3.556  mm  "to  19  mm  in  diameter. 

The  collector  assembly  is  illustrated  in  Fig.  3.6.  The 
gap  between  the  collector  tip  and  the  guard  ring  is  0.0635+ 


0.01905  mm. 

When  fabricating 

the 

new  collector 

assembl y , 

a 

mi ni mi  zed 

coll ec tor -guar d 

ring 

gap  was  an 

i mpor t 

ant 

objective. 

Therefore,  the 

alignment  of  parts 

was  done 

a  so 

preci sel y 

as  possible.  The 

most 

important  and  the  most 

di f  f i cult 

work  was  making 

the 

ceramic  insulator. 

The 

i nsul ator 

must  fit  perfectly 

in  both  the  guard 

ring  c  u p 

and 

the  collector  tip  at  the  same  time.  An  inaccurate  insulator 
may  allow  the  undesired  freeplay  which  may  lead  to 
col  1 ector -guard  ring  short.  Sixteen  unfired  insulators  of 
slightly  different  dimensions  were  made  in  the  Mechanical 
Development  Shop  of  Arizona  State  University.  The  material 
used  was  LAVA  stone,  grade  A.  The  insulator  size  after 
firing  depends  strongly  on  the  maximum  firing  temperature. 
Unfired  insulators  of  various  dimensions  were  fired 
separately  to  obtain  a  tight-fit  insulator  for  both  the 
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collector  and  the  guard  ring. 

The  radiators  were  blackened  to  increase  the  emissivity 
of  bright  copper  sur-faces.  Ebonol  C  special  -from  Enthone 
Inc.  was  used  to  form  black  cupric  oxide  coating  on  the 
surfaces.  The  cleaning  and  etching  solution  contained  10 
Vol  .  V.  hydrochloric  acid  and  5.7  wt .  7.  ferric  chloride.  Aft  er 
three  minutes  of  the  etching  treatment,  radiators  were 
rinsed  with  running  water.  The  blackening  solution,  11  wt .  7. 
ebonol  C  special,  was  heated  to  appro;;  i  matel  y  100°C.  Then, 
radiators  were  dipped  into  the  solution  for  5  to  10  minutes 
for  fully  blackened  surface.  Radiators  were  again  rinsed 
with  running  water,  and  a  heat  gun  was  used  for  drying  up. 

In  conclusion,  the  Vacuum  Emission  Test  Vehicle 
performs  accurate  work  function  testing.  However,  the 
collector  size  limited  the  testing  of  the  sample  larger  than 
16  mm  diameter.  The  new  col  1 ector -guard  ring  assembly 
accommodate  a  variety  of  sample  sizes  from  3.556  mm  diameter 
and  up  without  being  overheated.  The  collector  tip  surface 
temperature  can  be  maintained  below  700  K  while  the  sample 
temperature  reaches  2800  K.  The  guard  ring  temperature 
depends  mostly  on  the  testing  sample  size.  The  rigid 
structure  and  the  precise  fabrication  control  the  collector  - 
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guard  ring  gap  down  to  0.0635+0.01905  mm. 
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4.  EXPERIMENTAL  APPARATUS 

4. 1  Introduction 

A  thermionic  emission  test  station  was  used  to 

determine  the  average  effective  wort:  -function 

char acter i st i c  of  Tungsten-Rhenium  alloy  samples.  This  test 

station  consists  of  four  systems;  the  thermionic  emission 

vehicle  assembly,  the  temperature  measurement  system,  the 

vacuum  system,  and  the  electrical  system.  A  high  vacuum 

chamber  holds  the  operating  thermionic  emission  vehicle 

-7  -9 

assembly  in  the  10  —10  to rr  vacuum  range. 

4.2  Thermionic  Emission  Vehicle  Assembly 

The  thermionic  emission  vehicle  assembly  is  the  most 
important  system  of  the  test  station  because  it  generates 
the  emission  current  that  determines  the  effective  wort 
function  of  a  material.  As  shown  in  Fig.  4.1,  a  tungsten 
filament  serves  as  the  electron  source  of  the  electron 
bombardment  heating  of  the  sample.  The  spacing  between  the 
filament  and  the  sample  (or  the  sample  holder)  was  set  to  be 
approximately  0.5  mm  at  room  temperature.  This  gap 

compensates  the  thermal  expansion  of  the  filament  to  provide 
the  optimised  spacing.  Samples  were  machined  to  be 
approximately  9.6  mm  diameter  and  2.6  mm  thick.  Hohlraums 
(temperature  measuring  hole)  paralleled  to  the  emitting 
surface  were  drilled  by  an  electrical  discharge  machine  to 
the  dimension  of  0.70  mm  diameter  and  7.00  mm  deep.  The  10:1 
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ratio  of  the  hole  depth  and  the  hole  diameter  satisfies  the 
condition  for  an  isothermal  enclosure.  Therefore,  the 
temperature  observed  through  the  hohlraum  is  a  good 
approximation  of  the  bulk  temperature. 

The  collector  assembly  includes  a  collector,  a  guard 
ring,  and  their  radiators.  The  guard  ring  prevents  the¬ 
cal  lector  from  collecting  electrons  outside  the  collector 
surface  area.  The  collector  surface  area  at  room  temperature 
is  9.9  mm  .  Both  the  collector  and  the  guard  ring  are  kept 
at  the  same  positive  voltage  relative  to  the  grounded 
sample.  The  collector  and  the  guard  ring  are  made  of 
molybdenum  while  their  radiators  are  made  of  copper.  The 
surfaces  of  the  radiators  were  blackened  for  better  thermal 
radi ati on . 

A  negatively  charged  electron  repeller  is  located 
between  the  sample  assembly  and  the  collector  assembly.  The 
repeller  isolate  the  collector  radiator  from  collecting 
electrical  noi se .  Th is  noi se  was  ver i f i ed  to  be  secondary 
electrons  knocked  out  by  bombardment  electrons.  These 
electrons  could  be  collected  by  the  highly  positively 
charged  collector  radiator.  An  electron  seal  covering  the 
back  side  of  the  sample  mount  also  helps  to  depress  the; 
noise.  At  lower  operating  temperature,  1800-1900  Kelvin, 

the  noise  level  was  observed  to  be  of  the  same  order  of  the 
signal  level  if  the  electron  repeller  and  the  electron  seal 


had  not  been  used. 
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4.3  Temper atur e  Measurement  System 

The  temperature  measurement  system  consists  o-f  a 
pyrometer  and  a  temperature  guage  -from  Pyrometer  Instrument 
Company.  A  4.5  VDC  power  is  supplied  to  the  system  by  three 
1.5  V  batteries  connected  in  series.  By  comparing  the  color 
of  the  hohlraum  and  the  filament  inside  the  pyrometer ,  an 
accuracy  of  ±12  Kelvin  can  be  achieved.  Two  red  filters  of 
different  transmittance  are  located  between  the  filament  and 
the  eye-piece.  These  filters  can  be  selected  to  depress  the 
brightness  of  both  the  filament  and  the  hohlraum.  Three 
other  grey  filters  located  between  the  object  lens  and  the 
filament  are  controlled  by  a  scale  range  selection  knob. 
Three  temperature  ranges  on  the  temperature  guage  correspond 
to  the  filters. 

According  to  equation  (2.8),  the  accuracy  of 
temperature  readings  affects  the  accuracy  of  the  calculated 
work  function  proportionally.  Therefore,  the  temperature 
measurement  system,  together  with  the  view  port  on  the 
vacuum  chamber,  were  calibrated  by  a  NBS  ribbon  filament 
lamp.  The  result  of  the  calibration  is 

T  -  60.1  ♦  1.2487  T 

0 

where  T  =  actual  temperature  in  Kelvin. 

=  temperature  indicated  on  the  guage. 

4.4  Vacuum  System 

Two  sorption  pumps  containing  highly  porous  material 
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are  able  to  carry  the  vacuum  chamber  pressure  to  below  30 
millitorr.  A  thermocouple  vacuum  gauge  located  between  the 
sorption  pumps  and  the  vacuum  chamber  monitors  the  roughing 
stage  pressure.  A  metallic  valve  isolates  these  pumps  and 
the  vacuum  gauge  -from  the  chamber  when  a  lower  pressure  is 
achieved  by  operating  an  ion  pump.  A  high  negative 
potential,  -5000  VDC,  is  applied  to  -five  40  1 /s  capacity 
pump  elements  at  the  lower  portion  o-f  the  vacuum  chamber  -for 
trapping  air  molecules.  The  chamber  base  pressure  can  either 
be  read  directly  -from  the  ion  pump  control  unit  or  be 
converted  from  the  ion  pump  current.  An  ionization  gauge  is 
used  to  monitor  the  pressure  close  to  the  thermionic 
emission  vehicle  assembly. 

4.5  E t r  a  1_  System 

A  schematic  of  the  electrical  system  of  the  vacuum 
thermionic  emission  test  station  is  shown  in  Fig.  4.2.  As 
mentioned  in  section  4.4,  the  ion  pump  control  unit  provides 
-5000  VDC  to  cathodes  of  ion  pump  elements.  The  collector  of 
the  ionization  gauge  is  grounded,  while  the  grid  can  have  up 
to  600  VDC  when  degasing  the  gauge.  The  filament  of  the 
ionization  gauge  is  supplied  by  up  to  12  VAC.  The  lead 


voltage  of 

the  electron  bombardment 

f i 1  ament  , 

0—30 

VAC 

-  i s 

f 1 oati ng 

on  0  to 

-5000  VDC 

bombardment 

vol tage. 

T  fie 

col  1 ector 

and  the 

guard  ring 

are 

connected 

to 

two 

high 

voltage  power  supply 

separ atel y 

•for 

0-5000  VDC 

bias 

rel at i ve 

r 


•>  V 

r^t:* 

o.v 

J.X*  \- 


J 


_* 


.*  V 


V.  * 

::r3| 

■v 


>V 


■  »  * 


■kAJk. 


Keithley  610C 
Slectroootor 


Keithley  610C 
Electrometer 


I 


l 


J 


0-100  VDC 

power 

supply 


0-5000V  Fluke 
Power  Supply 


0-5000V  Fluke 
Power  Supply 


to  the  grounded  sample 


The  electron  repel ler  is  connected 


to  a  0  to  —100  VDC  power  supply.  A  DC  di  f  f  er  ent  i  al  voltmeter 
monitors  the  potential  difference  between  the  collector  and 
the  guard  ring.  An  electrometer  meassures  the  collector 
current  for  work  function  determination. 
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5.  EXPERIMENTAL  PROCEDURE 


5. 1  Introduction 

The  experimental  procedure  of  work  function 
determination,  using  the  thermionic  emission  test  station, 
included  four  stages:  the  preparation  stage,  the  vacuum 
stage,  the  data  collecting  stage,  and  the  analysis  stage. 
Each  stage  affected  the  achievement  of  the  following  stage, 
so  that  the  precise  work  of  each  stage  was  very  important. 
In  the  preparation  stage,  the  sample  was  assembled  and  the 
circuit  inside  the  vacuum  chamber  was  connected.  The  vacuum 
stage  consisted  of  the  use  of  adsorption  pumps,  and  the  ion 
pump.  Various  electrical  equipment  were  used  to  obtain  the 
necessary  sample  temperature,  collector  voltage,  and 
collector  current  data.  Finally,  the  data  was  analysed  by  a 
computer  program  to  generate  the  work  function  versus  time 
function  curves  of  different  temperatures  and  compositions 
of  W-Re  alloy  samples. 

5.2  §tage 

The  sample  was  fixed  in  the  hole  of  the  sample  mount 
by  inserting  a  tungsten  bar  through  the  side  of  the  sample 
mount.  The  emitting  surface  should  be  parallel  to  the  sample 
mount  surface.  The  electron  bombardment  filament  was 
assembled  to  have  0.5  mm  spacing  toward  the  sample.  Then, 
the  sample  assembly  was  fastened  on  the  supporting  structure 
The  hohlraum  on  the  sample  should  be  lined  up  with  the 


pressumed  viewport  direction  -for  the  later  sample 
temperature  measured  by  the  optical  pyrometer.  The  vertical 
position  of  the  sample  was  determined  by  the  relation 
between  three  supporting  rods  and  the  base  plate.  These  rods 
were  threaded  -for  -fastening  the  sample  mount  and  adjusting 
the  position  of  the  sample  mount.  The  emitting  surface  of 
the  sample  was  set  to  be  1.0  mm  lower  than  the  collecting 
surface.  This  could  be  achieved  by  raising  the  sample  mount 
by  adjusting  the  nuts  on  the  supporting  rods  until  the 
sample  and  the  collector  barely  touched  each  other.  Then, 
each  nut  was  turned  450  degree  counter  clockwise  to  lower 
the  sample  because  the  rod  has  32  threads  per  inch. 

The  sample  should  be  grounded  properly  so  that  the 
electric  potential  would  keep  at  zero  and  thus,  eliminate 
the  noise  superimposed  on  the  output  data.  Also,  conductions 
from  the  collector  and  the  guard  ring  to  the  feedthroughs  on 
the  vacuum  chamber  should  be  maximized  for  the  same  reason. 

The  final  step  of  this  stage  was  to  close  the  vacuum 
chamber.  Twenty  C-clamps  were  equally  placed  around  the  rim 
of  the  chamber.  Each  clamp  was  tightened  to  deform  the 
capper  Q-ring  to  achieve  ultrahigh  vacuum  sealing.  A  torque 
wrench  provided  equal  torque  to  every  clamp.  Beginning  with 
a  lower  torque  (3—4  kg-m> ,  a  particular  sequence  was 
followed.  Upon  finishing  all  C-clamps,  a  small  increase 
<0. 1-0.3  kg-m>  in  torque  was  set  for  further  tightening 
until  the  maximum  torque  was  reached.  The  copper  0-ring  was 


reusable  unless  a  maximum  torque  of  7  kg-m  had  been  applied. 
Starting  -from  approx  i  matel  y  4  kg-m,  the  maximum  torque  was 
increased  by  0.3  kg-m  for  each  reuse  of  the  0-ring. 

5.3  Vacuum  Stage 

The  vacuum  stage  started  with  the  use  of  two 

xL 

adsorption  pumps  to  pump  the  system  down  to  about  10  torr 

pressure.  The  first  adsorption  pump  worked  from  1  atm  down 
-1 

to  about  10  torr  before  it  was  isolated  by  the  valve. 

Then,  the  second  pump  started,  and  brought  the  system  down 

_ r~\ 

4m 

to  the  cross-over  pressure,  10  torr,  that  the  ion  pump  was 

turned  on.  The  ion  pump  could  pump  the  system  down  to  the 
-9 

order  of  10  torr.  The  pumping  rate  was  first  rather  fast 
-7 

until  about  10  torr.  As  the  pumping  rate  slowed  down,  a 

bake-out  case  heated  up  the  whole  chamber  to  150-250  *C  to 

accelerate  the  molecule  traping  rate  of  ion  pump  elements. 

After  the  bake-out  procedure,  the  vacuum  chamber  pressure 

-9 

reached  the  order  of  10  torr  (bottom  pressure).  At  this 

time,  the  pressure  at  the  middle  height  was  in  the  order  of 
-B 

10  torr,  which  could  be  checked  b  >•  the  ionization  guage. 

5.4  Data  Collecting  Stage 

Three  different  data  were  needed  for  the 
determination  of  the  effective  work  function  of  the  sample: 
the  sample  temperature,  the  bias  potential  applied  to  the 
collector  and  the  guard  ring,  and  the  collector  current.  An 
optical  pyrometer ,  two  high  voltage  power  supplies,  one  DU 


keep  the  sample  surface  temperature  constant.  The  data 
measurement  was  taken  a  -few  minutes  after  every  change  of 
the  electron  bombardment  to  allow  the  system  to  retain  a 
steady  state  condition. 

The  sample-collector  spacing  and  the  applied  bias 
potential  determined  the  electric  field  that  drew  current 
from  the  sample.  For  each  applied  bias,  a  cor  respond  1 ng 
collector  current  was  taken  as  a  data  point.  Usually,  in 
this  system,  the  bias  applied  to  the  collector  and  the  guard 
ring  was  below  1000  VDC  before  the  linear  region  of  the 
Schottky  plot  can  be  well  defined.  In  this  work,  each  set  of 
data  contained  8  bias  voltages  starting  from  300  VDC  with 
1 00  VDC  increment  each,  and  their  corresponding  collector 
currents. 

Since  work  functions  of  W-Re  samples  are  functions  of 
time,  data  collecting  must  be  conducted  frequently  to 
monitor  the  work  function  changes.  Most  work  function 
changes  occured  within  the  first  three  hours  of  heating. 
Therefore,  data  sets  were  taken  approximately  every  4-7 
minutes  during  the  three  hours.  Then,  as  the  work  function 
became  steadier,  data  sets  were  collected  once  every  10-30 
minutes  within  the  remaining  three  hours  of  testing.  An 
overnight  (at  least  12  hours)  cooling  before  heating  up  to 
another  temperature  was  necessary. 

5.5  Data  Ana l_LsLQ.Q.  Stage 


An  interactive  BASIC  program, 


" PLOT  1 . BAS" ,  was  written 


■for  cutting  short  the  time-consuming  work  -function 
evaluation.  This  program  has  been  successfully  used  on  IBb 
personal  computers  and  its  compatibles.  The  program  inquires 
the  sample  temperature,  the  time  of  heating,  and  the 
collector  current  measured  for  the  calculation  of  effective 
work  function.  Data  files  are  opened  for  data  and  work 
function  storage.  At  the  end  of  the  data,  a  plot  of  work 
functions  versus  heating  time  is  shown  on  the  screen.  The 
plot  can  also  be  printed  on  paper  by  using  any  printer 
interfacing  to  the  computer. 

The  program  is  listed  as  follows: 


10  DIM  DX ( 50 ) , DY ( 50 ) , XPLT ( 50 ) , YPLT ( 50 ) 

20  NREG=6 

30  PRINT  "  1.  DATA  ENTRY  2.  PLOT  CURVE  - SELECT  NO. 

40  INPUT  C 

50  IF  C=1  GOTO  80 

60  INPUT  "INPUT  FILE  NAME .  " ;  Ft 

70  GOTO  510 

80  INPUT  "INPUT  THE  SAMPLE  NAME . " ;  Ft 

90  OPEN  Ft  FOR  OUTPUT  AS  #1 

100  INPUT  "INPUT  SAMPLE  TEMPERATURE" ; T 

1 10  PRINT  #  1  ,  FT " , " , T 

120  INPUT  "INPUT  CURRENT  SCALE . " ;  S 

130  OPEN  "DATALST"  FOR  OUTPUT  AS  #2 
140  PRINT  #2,  "SAMPLE  TEMPER A TURE=  "  , T 

150  INPUT  "INPUT  TIME  IN  MINUTES .  "  ;  T I  ME 

160  PRINT  "INPUT  CURRENT  X  "S 

170  IF  T I ME=0  THEN  PRINT  #1,TIME,  TIME 

180  IF  T I ME=0  GOTO  510 

190  P  =0 

200  K=P  +  1 

210  E=200+K*100 

220  INPUT  I 

230  IF  10  THEN  K=p  -2 

240  IF  I<0  THEN  GOTO  200 

250  IF  1=0  GOTO  460 

260  PRINT  #2 , E , I *S 

270  DXU  )=SQR(E) 

260  DY (P > =LOG < I*S> 

290  IF  K< 6  GOTO  450 
300  SDX=0 
310  SDY=0 
320  SDX Y=0 
330  SDXSQ=0 

340  FOR  J  =P.+ 1  -NREG  TO  P. 

350  SDX=SDX+DX < J) 

360  SDY=SDY+DY < J ) 

370  SDXY=SDXY+DX < J ) *DY (J) 

380  SDXSQ=SDXSQ+DX  (J>'  '2 
390  NEXT  J 

400  B=  <NREG*SDXY-SDX*SDY) / (NREG*SDXSQ-SDX  ‘  2) 

410  A= <SDY-B*SDX) /NREG 
420  LR=A+B*DX (K ) 

430  WKFN=8.59903E-5*T*L0GCT  2*. 1 02 1 725* 1 20/EXP (A )  ) 

440  PRINT  "WORK  FUNCTION=  "  WKFN 
450  IF  K< 8  GOTO  200 

460  PRINT  #2,  "WORK  FUNCTION=  " , WKFN 
470  PRINT  #2,  " T I ME=  ",  TIME 

480  PRINT  #2,  "  " 

490  PRINT  #1,  TIME,  WKFN 

500  GOTO  150 

510  X=30 

520  Y= 180 

530  SCREEN  2,0 

540  LINE ( X , Y-155) — ( X , Y) 

550  LINE- (X+525,Y) 


'  \'*\V 


••  .v.- ' 
n’.v't.' 

.  A' 


'•'.AY, 


560  LINE- (X+520, Y-2) 

570  L I NE— ( X  +523 , Y ) 

580  LINE  ( X+523 , Y+l ) - ( X+525 ,  Y+ 1 ) 
590  LINE- (X+520, Y+3> 

600  LINE- (X+525, Y+l > 

610  LINE- (X-2, Y+l ) 

620  L I NE- <  X-2 , Y- 155 ) 

630  LINE— ( X— 7 , Y— 152) 

640  LINE- (X-2, Y-154) 

650  LINE- (X , Y-154) 

660  LINE— ( X+5, Y— 152) 

670  LINE- (X , Y-155) 

680  NX =6 
690  NY=8 

700  XS=INT (500/NX) 

710  YS=INT ( 150/NY) 

720  FOR  1=1  TO  NX 

730  LINE  (X+I*XS,Y)-(X+I*XS,Y— 2) 

740  NEXT  I 

750  FOR  1=1  TO  NY 

760  LINE  (X , Y-I*YS) - <X+3,Y-I*YS> 

770  NEXT  I 

780  CLOSE  #2 

790  CLOSE  #1 

800  OPEN  F*  FOR  INPUT  AS  #3 

810  YSCALE=YS*NY/0. 8 

820  YM I N=4 . 6 

830  XSCALE=XS*NX/360 

840  XADJ=30 

850  YADJ=180 

860  INPUT  #3,Mt,T 

870  N=0 

880  N=N+ 1 

890  INPUT  #3,DX (N) ,DY(N) 

900  IF  DX (N) =0  GOTO  950 
910  XPLT=XADJ+XSCALE*DX (N) 

920  YPLT=YADJ-YSCALE* (DY (N) -YMIN) 

930  CIRCLE  ( XPLT , YPLT ) , 5 

940  GOTO  880 

950  PRINT 

970  PRINT 

980  PRINT  "  eV  ", M* TEMPERATURE 

990  PRINT 

1000  PRINT  "5.4" 

1010  FOR  1=1  TO  2 
1020  FOR  J=1  TO  8 
1030  PRINT 
1040  NEXT  J 

1050  IF  1=1  THEN  PRINT  "5.0" 

1060  IF  1=2  THEN  PRINT  "4.6" 

1070  NEXT  I 

1080  PRINT  "  O  60 

MINUTES" 

2000  ST  OF' 


To  run  the  program, 


one  must  first  load  F'LOT  1 .  BAS  into 


BASICA  compiler.  Then,  hit  function  key  2  to  start  running 
the  program.  PLOT  1  will  ask  if  one  wants  to  enter  data  or 
plot  work  function  versus  heating  time  data.  If  "plotting 
data"  is  answered,  PL0T1  will  ask  for  the  "file  name”  to  be 
plotted.  Once  the  "file  name"  is  answered ,  the  program  will 
plot  the  data  on  the  screen.  If  one  responds  "data  entry",  a 
series  of  questions,  including  the  "sample  name",  "sample 
temperature" ,  and  the  "current  scale",  will  be  asked  on 
screen.  After  all  the  questions  are  answered,  a  DO-LOOP  will 
start  operating  by  asking  for  the  "heating  time".  A  response 
of  the  heating  time  will  promote  the  starting  of  the 
collector  current  entry.  Eight  collector  current  data  will 
be  inputted  into  the  program,  but  only  the  last  six  will  be 
used  for  linear  regression.  Any  error  in  current  data  entry 
can  be  erased  by  a  subsequent  input  of  "— 1" .  When  there  are 
less  than  eight  data  available,  an  input  of  "0"  continues 
the  program.  PL0T1  will  combine  all  the  informations,  such 
as  collecting  area,  sample  temperature,  and  Richardson's 
constant,  together  to  calculate  the  effective  work  function. 
The  calculated  work,  function  will  be  shown  on  the  screen,  as 
well  as  stored,  corresponding  to  the  heating  time,  in  a  data 
file  of  the  sample  name.  Another  data  file,  DATALST,  will 
contain  all  the  input  and  output  information  as  a  raw  data 
sheet.  After  the  data  storage,  the  D0-L00P  ..ill  ask:  for  the 
"heating  time"  and  do  the  same  procedure  until  a  "zero"  is 
inputted  to  terminate  it.  Then,  all  calculated  work 


functions  versus  heating  time  will  be  plotted  on  the  screen 


as  the  last  step  of  PLOT  1 .  A  copy  of  the  plot  can  be  printed 
on  paper. 


v> 

W: 


r 

C  .V 
'*  .*•  .*• 

$ 

•> 


6.  EXPERIMENTAL  RESULTS 


Two  samples,  W-3‘/.Re  and  W-307.Re,  had  been  tested.  Each 

sample  was  tested  at  five  different  temperatures  over  the 

range  of  1B33  K  to  2127  K.  Effective  work  functions  of  both 

samples  showed  time  dependency  as  well  as  temperature 

dependency.  Each  sample  was  tested  at  constant  temperature 

for  4  to  6  hours  unless  a  circuit  shortage  between  the 

collector  and  the  guard  ring  occurred.  The  vacuum  was  kept 

-8 

at  the  order  of  10  torr  most  of  the  time.  Data  sets  were 
measured  every  4  to  10  minutes  during  the  first  3  hours. 
Then,  experiments  were  stopped,  depending  on  the  stability 
of  the  measurement.  Data  sets  were  entered  into  PLOT  1  to 
calculate  effective  work  functions  corresponding  to  the 
heating  time. 

Fig.  6.1  and  Fig.  6.2  illustrate  the  combination  of 
five  time-dependent  work  function  curves  of  W-37.Re  and  W- 
307.Re  samples.  Most  initial  work  function  drops  of  the  37.  Re 
sample  were  observed  while  those  of  the  307.  Re  sample  were 
not  obvious.  Each  curve  contains  a  valley  followed  by  a 
plateau.  Generally,  the  plateau  region  of  the  307.  Re  sample 
began  earlier  than  that  of  the  37.  Re  sample.  The  highest 
stable  work  function  found  was  W-307.Re  sample  at  2011  K. 

All  curves  of  the  37  Re  sample,  except  the  1833  K  one, 
have  appr ox i matel y  0.45  eV  work  function  difference  between 
the  maximum  and  the  minimum.  At  1833  K,  the  work  function 
shifted  only  0.16  eV.  The  work  function  of  the  valley  region 


decreased  with  increasing  sample  temperature.  When  the 
sample  temperature  was  lower  than  1B9B  K,  the  final  stable 
work  function  value  increased  with  the  temperature.  At  a. 
temperature  higher  than  2012  K,  the  final  stable  work 
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function  decreased  with  the  increasing  temperature. 

The  W-30‘/.Re  sample  shows  different  time  dependent 
characteristics  besides  earlier  shift  in  work  function 
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toward  the  plateau  region.  At  all  temperatures  of  this 
sample,  the  changes  in  work  function  were  less  than  those  of 
the  37.  Re  sample.  However,  the  shift  of  the  307.  Re  sample  at 
2011  K  was  clearly  larger  than  the  four  other  corresponding 
temperatures.  Also,  at  2011  K,  the  sample  showed  the 
earliest  work  function  shift  of  all,  approximately  60 
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minutes  after  heating  began. 

Fig.  6.3  through  Fig.  6.7  show  comparisons  of  two 
samples  at  five  tested  temperatures .  At  plateau  regions,  the 
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differences  in  work  functions  were  no  more  than  0.04  eV. 
But,  at  valley  regions,  307.  Re  sample  always  had  higher  work 
function  than  37.  Re  sample. 


Alloying  elements  were  known  to  have  strong  effect  on 
work  functions  of  metals.  Work:  function  could  be  changed  i 
the  lattice  constant  is  changed  by  adding  foreign  atoms  t< 


the  pure  metal  C  9  3  .  Work:  function  could  also  vary  if  phase 
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tr ansf or mat i on  is  involved.  The  atomic  radii  of  tungsten 


and  rhenium  are  1.37  and  1.38  angstrons  respectively  C10J. 
In  the  case  of  W-37.Re  sample,  solid  solution  of  37.  rhenium 
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Fig.  6.4  Work  function-heating  time  curves  of  different  compositions  at 
temperatures  around  1900  K. 


can  not  expand  the  lattice  constant  appreciably,  so  the  work 
function  was  not  affected  by  volume  effect.  The  sample  of 
30’/.  rhenium  had  a  phase  transformation  at  a  temperature  of 
appro::  i  matel  y  2000  K.  At  a  temperature  below  2000  K,  W- 
30'/.Re  has  a  mixture  of  a  phase  and  o  phase.  At  a 
temperature  above  2000  K,  it  has  only  one  phase.  However, 
due  to  the  presence  of  high  rhenium  content,  volume  effect 
is  appreci abl e.  At  high  temperature,  the  evaporation  rate 
difference  of  tungsten  and  rhenium  atoms  on  the  emitting 
surface  can  result  in  a  depletion  layer,  which  provides 
higher  work  function.  This  is  a  possible  factor  of  the  time 
dependent  work  function  of  the  W-307.Re  sample. 

Time  dependent  work  function  was  observed  by  B.  Ch. 
Dyubua  et  al .  till  in  their  W-Ta  and  W-Mo  system 
investigation.  Work  functions  of  W-Re  samples  were 
extremely  sensitive  to  the  heating  time  and  the  temperature. 
The  heating  of  samples  at  2000  K  for  50  hours  did  not  affect 
the  work  functions.  A  further  heating  at  2300  K  for  15 
hours  of  W-37.Mo  sample  produced  at  0.6  eV  climb  in  work 
function.  Samples  of  higher  molybdenum  content  were 
generally  subjected  to  smaller  work  function  climbs.  A 
subsequent  annealing  at  1300-1700  K  partially  restored  the 
initial  properties.  The  behavior  of  this  work  function 
climb  was  explained  by  the  desorption  of  atoms  adsorbed  or. 
the  surface.  The  test  result  of  the  present  W-Re  samples 
showed  similar  work  function  behavior.  For  the  37.  rhenium 
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sample,  0.45  eV  climbs  were  observed  after  heating  for  more 


than  4  hours  at  1900-2100  K.  For  the  30"/.  rhenium  sample, 


climbs  were  obviously  smaller.  At  lower  temperature , 


heating  time  did  not  seriously  affect  work  functions  of  both 


samples.  A  subsequent  cooling  at  room  temperature  for  12 


hours  was  applied  along  with  heatings  to  recover  the 


property.  Therefore,  the  desorption  effect  is  also  possibly 


feasible  for  the  W-Re  svstem. 


The  oxygen  partial  pressure  on  the  emitting  surface  was 


found,  by  T.  L.  Matskevich  L123,  to  have  strong  effect  on 


the  work  function.  Two  zirconium  carbide  samples  were  out 


gassed  for  40  hours  at  2500-2600  K  and  then  tested  at  1530  k 


with  the  presence  of  the  oxygen  partial  pressure  in  the 
-6 

order  of  10  torr.  As  shown  in  Fig.  6.B,  the  work  function 


started  with  an  initial  value  followed  by  a  minimum,  and 


finally  reached  a  stable  maximum  value  within  4  hours.  The 


difference  between  the  minimum  and  the  maximum  values  was 


about  0.7  eV.  This  curve  is  very  similar  to  the  curves  o-f 


W-Re  samples  observed.  Furthermore,  according  to  Matskevich 


investigation,  the  minimum  and  the  maximum  work  functions 


also  depended  on  the  sample  temperature.  At  higher- 


temperature,  both  the  minimum  and  the  maximum  values  tended 


toward  the  initial  work  function  value.  The  W-Re  samples 


showed  the  same  behavior.  The  difference  between  the 


minimum  and  the  maximum  work  function  decreased  as  the 


temperature  increased.  7.  L.  Matskevich  [123  adopted  the 


explanation  of  G.  K.  Hall  and  C.  H.  Mee  Cl 33  of  having 
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negatively  penetrated  oxygen  ions  -for  the  appearance  of  the 


minimum  point.  Then,  T.  L.  Matskevich  1123  suggested  that 
the  maximum  value  of  the  work  function  was  due  to  the 
coverage  of  the  emitting  surface  with  oxygen  adatoms.  These 
two  explanations  may  be  appropriate  for  the  case  of  W -Re¬ 
al  1  oys . 


Ffcs.a .  Work  function  of  xlrconlum  cerblde  u  I  function  of  the  time  tt 
'lUO'K.  h  Penlel  frtuurei  of  the  geier  ere  function  of  the  time.  1)0,: 
I'CO  *  H,;  3)  CO,.  4f  H,0.  S)  H,.  c:  Schottky  currei  metrured  at  1 550’K. 
1  ■  The  cethode  work  function  It  *,  2 1  Otnln-  31  theoretlcel  Schottky  line. 


7.  CONCLUSION 


A  3.556  mm  diameter  collector  assembly  was  designed  and 
built  to  be  used  in  the  vacuum  emission  test  station  due  to 
the  size  of  available  samples.  An  electron  repel  ler  and  an 
electron  seal  were  applied  to  the  system  to  reduce  the  noise 
•from  electron  bombardment  heating. 

Two  W-Re  alloy  samples,  37.  Re  and  307.  Re,  were  tested 

in  the  temperature  range  of  1830  K  to  2130  K  under  the 
-9  -7 

pressure  of  10  to  10  torr.  Initial  experiment  identified 
work  functions  ot  the  two  samples  were  functions  of  heating 
time.  Therefore,  the  investigation  goal  became  the  effect  of 
the  composition,  the  temperature,  and  the  heating  time 
effect  on  W-Re  alloys.  Work  functions  of  these  sample*  were 
platted  versus  heating  time  at  different  temperatures. 
Comparisons  of  the  samples  at  appro::  i  matel  y  same  temperature 
were  made  to  understand  the  composition  effect  on  the  worl 
f  u.ncti  on . 

The  general  pattern  of  these  work  f uncti on-heati ng  time 
curves  was  a  initial  minimum  value  followed  by  a  climb 
toward  a  maximum  value.  This  maximum  work  function  was 
considered  as  a  stable  value  of  the  material  at  the 
temperature.  Except  at  about  1830  K,  the  37.  Re  sample  showed 
0.45  eV  climbs  in  work  function,  which  was  appreciably 
higher  than  the  maximum  0.4  eV  climb  of  the  307.  Re  sample  at 
2011  K.  The  highest  work  function  was  found  to  be  5.3  eV 
of  the  307.  Re  sample  at  2011  k.  It  was  found  by  comparing 


51 

curves  of  different  compositions,  the  Re  content  did  not 
vary  stable  values  considerably  at  each  temperature. 
However,  the  minimum  values  of  the  37.  Re  sample  were  always 
1 ower . 

Volume  effect  is  not  thought  to  be  a  main  factor  of 
the  work  function  climbs  because  the  lattice  parameters  of 
tungsten  and  rhenium  are  close.  But,  the  rhenium  depletion 
and/or  the  oxygen  adsorption  could  be  a  possible 
explaination  of  work  function  climbs.  Further  investigation 
of  W-Re  alloy  work  function  is  important  in  understanding 
the  mechanism  of  the  climb  in  terms  of  heating  time  and 
composi t i on . 
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ABSTRACT 


The  mechanical  properties  of  tungsten-30  percent  rhenium 
were  investigated  by  using  Instron  tensile  testing  equipment 
with  a  high  temperature,  ultrahigh  vacuum  system.  The 
relationship  between  the  normalized  Young's  modulus,  ultimate 
tensile  strength,  yield  strength,  elongation  (ductility)  and 
the  test  temperature  was  examined.  The  experimental  results 
showed  that  higher  test  temperatures  resulted  in  lower  ulti¬ 
mate  strength,  lower  yield  strength,  lower  normalized  Young's 
modulus  and  higher  elongation.  Analytical  techniques  such  as 
scanning  electron  microscopy  (SEM)  and  transmission  electron 
microscopy  (TEM)  were  used  to  study  the  solid  solution 
strengthening  effect  and  microstructure  changes  of  tungsten- 
30  percent  rhenium  at  the  various  testing  temperatures. 
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1 .  INTRODUCTION 


1.1  Some  Factors  Affecting  The  Properties  Tungsten  and  its 
Alloys 


As  tungsten  and  its  alloys  are  often  used  in  high 
temperature  environments,  their  stress-rupture,  creep  and 
fatigue  behaviors  at  elevated  temperatures  are  of  major 
concern.  On  the  other  hand,  most  tungsten  hardware  must  also 
function  at  low  temperatures;  therefore,  the  low  temperature 
ductility  must  be  considered.  Comparison  of  the  mechanical 
properties  of  tungsten  without  referring  to  the  purity,  fab¬ 
rication  history,  and  other  conditions  is  sometimes  mislead¬ 
ing.  Furthermore,  different  fabrication  processes  such  as 
extrusion,  swaging  or  rolling  yield  different  properties  in 
the  final  products.  As  a  rule,  lower  working  temperatures 
and  higher  amounts  of  work  result  in  higher  strength.  Grain 
size  and  impurity  content  are  other  factors  that  affect  the 
properties  of  the  material. 


1.2  The  Present  Explanation  for  the  Solid  Solution 
Strenghtening  Mechanism  of  Tungsten-Rhenium  Alloys 


Solid  solution  addition  can  increase  the  strength  by  a 
variety  of  mechanisms  such  as:  (a)  the  segregation  of 
solutes  to  stacking  faults  (Suzuki  interaction),  (b)  elastic 
interaction  of  solute  atoms  with  moving  dislocations  to 
increase  the  Peierls-Nabarro  stress  or  the  friction  stress. 


r  •  *  ' 


c)  solute  interaction  with  vacancies  and  dislocation  jogs  and 
(d)  the  segregation  of  solutes  to  grain  boundaries  so  as  to 
influence  grain  boundary  sliding  or  migration.  Davison  and 
Brotzen  ID  have  proposed  that  the  addition  of  rhenium  to 
tungsten  promotes  twining  during  deformation,  because  the 
stacking  fault  energy  is  reduced  by  rhenium.  However, 
twining  only  accounts  for  a  minor  fraction  of  the  plastic 
deformation,  usually  at  the  onset  of  macroscopic  strain,  with 
slip  contributing  to  the  remainder.  The  exact  effect  of 
twining  is  not  well  understood. 

Stephfen  and  Witkze  [2)  have  suggested  that  rhenium  would 
decrease  the  lattice  resistance  (Peierls-Nabarro  stress)  to 
dislocation  motion  which  would  result  in  increased 
dislocation  mobility.  This  is  consistent  with  the  well  known 
solid  solution  softening  in  bcc  metals  and  is  attributed  to 
the  same  cause.  There  are  two  components  in  the  flow  stress: 
a  thermal  component,  o‘  ,  called  effective  stress  and  an  a- 
thermal  component,  Oi  ,  called  internal  stress.  The  latter 
increases  with  solute  additions,  dominating  above  the  temper¬ 
ature  of  0.2  Tm  (where  Tm  is  the  absolute  temperature  of  the 
melting  point  of  the  metal)  but  does  not  vary  significantly 
with  temperature.  It  is  generally  accepted  [3]  that  the 
Peierls-Nabarro  stress  is  responsible  for  the  large  tempera¬ 
ture  dependence  of  o*  in  bcc  metals  at  low  temperature.  The 
natural  extension  of  this  is,  therefore,  that  the  alloy 
softening  effect  is  caused  by  solute  reduction  in  the  Peierls 
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barriers  due  to  the  alloy  electronic  configuration. 

1.3  The  Dispersion  Strengthening  Mechanism  of 
Thoriated  Tungsten-Rhenium  Alloys 

The  strengthening  effect  of  solid  solution  generally 
becomes  negligible  at  a  temperature  above  0.5  Tm,  in  which 
case  dispersion- strengthening  alloys  are  superior.  Theories 
of  dispersion  strengthening  have  been  reviewed  by  Ansell  [4]. 
In  general,  the  dispersed  second  phase  should  meet  the  fol¬ 
lowing  conditions: 

(1)  The  particle  size  of  the  second  phases  should  be  of 
submicron  range  with  an  interparticle  spacing  of  less 
than  0.5  microns  [51. 

(2)  The  second  phase  should  be  chemically  stable  and  re¬ 
sistant  to  agglomeration  during  processing  and  at  the 
service  temperature. 

The  more  common  methods  are  conventional  pressing  and  sinter¬ 
ing,  isostatic  pressing  followed  by  extrusion,  or  hot  pres¬ 
sing;  the  last  method,  as  recommended  by  Sell  et  al.  [6], 
has  less  tendency  for  the  second  phase  to  become  agglom- 
merated  and  yields  end  products  of  better  quality.  In  the 
lamp  industry,  thoriated  tungsten  wire  has  been  well  known 
for  its  fabricability,  strengthening  effect  and  high  electron 
emissivity.  H.  G.  Sell  claimed  that  thoriated  tungsten  al¬ 
loys  demonstrate  their  highest  tensile  and  creep  strength  at 
temperatures  above  2,000  degrees  Celsius. 


Dispersed  second  phase  particles  act  in  two  distinct  ways 


to  retard  the  motion  of  dislocations.  The  particles  may  be 
cut  by  the  dislocation;  or  the  particles  resist  cutting,  and 


the  dislocations  are  forced  to  bypass  them.  When  particles 
are  small  and/or  soft,  dislocations  can  cut  and  deform  the 
particles.  There  are  four  mechanisms  that  produce  this  type 
of  strengthening  effect: 

(1)  The  strain  field  resulting  from  the  mismatch  between 
a  particle  and  the  matrix  would  be  a  source  of  strength¬ 
ening. 

(2)  "Chemical  hardening"  occurs  when  a  dislocation  shears 
through  a  particle;  since  this  process  increases  the  sur¬ 
face  area  of  the  particle,  work  must  be  done  to  shear  the 
particle . 

(3)  The  difference  between  the  elastic  moduli  of  the  mat¬ 
rix  and  the  particle  is  a  source  of  strengthening. 

(4)  The  Peierls  stress  between  the  particle  and  the  mat¬ 
rix  can  strengthen  the  material. 

As  cutting  the  particles  becomes  more  difficult,  the  disloca¬ 
tions  instead  find  a  way  to  move  around  the  particles  (Orowan 
mechanism) . 

The  proposition  of  strengthening  tungsten  additively  by 
using  rhenium  in  solid  solution  and  thoriated  as  a  dispersed 
second  phase  has  been  pursued  by  D.  J.  Maykuth  et  al.  [7]  and 
by  G.  W.  King  et  al.  [8J.  This  class  of  materials  appears  to 
be  potentially  attractive  because  of  the  improvement  in  low 
temperature  ductility  which  has  been  observed  for  tungsten- 


rhenium  alloys  [9J.  G.  W.  King  has  produced  evidence  that 
solid  solution  strnngthening  and  dispersed  second  phase 
strengthening  are  additive  effects  in  tungsten-30  percent 
rhenium-one  percent  thorium  dioxide.  In  regard  to 
strengthening  by  a  dispersed  second  phase  at  elevated  temper¬ 
atures,  the  most  important  factors  are  the  particle  size  and 
the  interspacing  of  the  thoria  dispersoids.  Generally  speak¬ 
ing,  tungsten- rhenium  alloy  has  a  lower  ductile-brittle  tran¬ 
sition  temperature,  higher  recrystallization  temperature, 
better  fabricability  and  higher  tensile  strength  at  elevated 
temperatures . 


%■ 


^  v\ 


*rA 


2.  EXPERIMENTAL  PROCEDURE 


2.1  Mechanical  Testing 

The  mechanical  testing  of  the  specimens  was  accomplished 
on  an  Instron  tensile  testing  machine  with  a  10-pound  to 
1,000-pound  variable  range  tensile  load  cell.  The  specimens 
described  in  [10]  were  first  mechanically  polished  to  a 
smooth,  shining  finish  in  order  to  ensure  the  same  surface 
conditions  for  all  of  the  specimens.  The  specimens  were 
installed  in  the  test  chamber  and  connected  via  a  150-amp 
electrical  feedthrough  to  a  Nobatron  DCR  20-250A  high  current 
power  supply  which  provided  the  necessary  electrical 
resistance  heating  of  the  specimen.  After  installation  of 
the  test  specimens,  the  viewing  port  was  cleaned  to  prevent 
any  extraneous  attenuation  of  the  optical  pyrometer  readings. 
The  system  was  then  checked  for  electrical  malfunctions, 
sealed  and  rough  pumped  to  10  millitorr  using  a  Welch  Scien¬ 
tific  Company  Model  1402  Duo  Seal  mechanical  vacuum  pump.  A 
150- liter  per  second  ion  pump  reduced  the  pressure  further  to 

_7 

2.0x10  torr.  After  baking  the  ion  pump  and  test  chamber 

-9 

for  eight  hours  at  250  degrees  Celsius,  a  vacuum  of  4.0x10 
torr  was  obtained.  At  this  point,  an  initial  current  of  50 
amps  was  applied  to  the  specimens  to  allow  degassing  of  the 
specimens  and  alignment  of  the  EMl-Gencom  RFI/B-013F  optical 
pyrometer . 

This  optical  pyrometer  had  been  calibrated  using  a 


National  Bureau  of  Standards  ribbon  filament  lamp  with  a 
Hewlett-Packard  6260A  direct  current  power  supply  and  an 
Omega  881C  digital  multimeter.  The  maximum  uncertainties  of 
the  temperature  values  of  the  ribbon  filament  lamp  were  esti¬ 
mated  to  be:  plus  or  minus  2.5  degrees  Celsius  at  800  de¬ 
grees  Celsius,  plus  or  minus  1.5  degrees  Celsius  at  1,100  de¬ 
grees  Celsius  and  plus  or  minus  3.0  degrees  Celsius  at  2,300 
degrees  Celsius  (see  Attachment  1).  Compensation  for  the  at¬ 
tenuation  of  the  pyrometer  by  the  viewing  port  was  made  by 
placing  the  viewing  port  between  the  pyrometer  and  the  ribbon 
filament  lamp  during  calibration  (see  Appendix  1). 

Once  the  pressure  had  stabilized,  the  current  through  the 
specimens  was  increased  until  the  pyrometer  reading,  which  is 
actually  a  photon  count,  corresponded  to  the  desired  temper¬ 
ature.  Experiments  were  done  in  the  1,400-degree  Celsius  to 
2,200-degree  Celsius  range.  The  currents  varied  from  60  amps 
at  the  low  temperatures  to  130  amps  at  the  high  temperatures. 
Voltages  varied  from  3.0  volts  to  6.0  volts.  The  increased 
temperatures  resulted  in  a  final  vacuum  of  approximately 

_7 

5.0x10  torr  during  the  experiments.  The  photon  count  was 
displayed  on  a  Hewlett-Packard  5312A  HP-1B  interface  with  a 
hard  copy  printout  of  time  and  temperature  being  produced 
every  10  seconds  by  a  Hewlett-Packard  5150A  thermal  printer. 
A  Princeton  Applied  Research  1121  amplifier/discriminator  and 
control  unit  provided  the  required  signal  conditioning  be¬ 
tween  the  pyrometer  and  the  interface. 
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When  the  temperature  had  stabilized,  the  Instron  chart 
was  calibrated,  and  the  chart  speed  was  adjusted  to -one  inch 
per  minute.  The  load  cell  range  was  adjusted  to  the  an¬ 
ticipated  forces.  The  20-pound  range  was  used  at  the  higher 
temperatures,  and  the  50-pound  range  was  used  at  intermediate 
temperatures.  It  was  necessary  to  use  the  100-pound  range  at 
1,400  degree  Celsius.  All  experiments  were  conducted  at  a 

cross  head  speed  of  0.02  inches  per  minute.  The  strain  rate 
-4 

was  7.0x10  per  second. 

During  the  experiments,  variations  in  the  cross  sectional 
area  of  the  specimens  due  to  necking  caused  changes  in  the 
electrical  resistance  of  the  specimens.  This  resulted  in 
temperature  variations  which  were  controlled  manually  by 
adjusting  the  voltage  of  the  electrical  resistance  heating 
power  supply  with  reference  to  the  photon  count.  Any 
anomalies  on  the  load-displacement  chart  were  marked  with  the 
cross  head  position  and  the  time.  In  all  cases  the  anomalies 
could  be  traced  to  temperature  deviations  from  the  nominal 
value.  The  load-displacement  chart  required  a  correction 

for  the  effect  of  the  flexible  coupling  that  allowed  the 
vertical  motion  of  the  cross  head  to  be  transmitted  to  the 
specimens  in  the  vacuum  chamber.  The  coupling  acted  as  a 
linear  spring,  and  the  force  shown  on  the  chart  was  a 
superposition  of  the  force  on  the  test  specimen  plus  the 
force  on  the  coupling.  After  the  specimen  fractured,  the 
cross  head  was  returned  to  its  initial  position  and  then 


V 

% 
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extended  back  through  the  experimental  range  of  motion.  The 
resulting  curve  revealed  the  effect  of  the  coupling  alone. 
This  curve  was  subtracted  graphically  from  the  specimen¬ 
coupling  load-displacement  curve  to  yield  the  actual  specimen 
load-displacement  curve.  The  fractured  specimens  were 

maintained  under  vacuum  until  they  had  cooled  to  room 
temperature.  At  this  point,  the  test  chamber  was  filled  with 
a  nitrogen  atmosphere  to  prevent  condensation.  Finally,  the 
test  chamber  was  opened  to  the  atmosphere,  and  the  specimens 
were  removed  for  further  study. 

2.2  Scanning  Electron  (SEM)  and  Optical  Microscopy 

The  fractured  specimens  were  examined  by  SEM  as  well  as 

low  power  optical  microscope.  All  of  the  fractured  specimens 

were  mounted  on  the  special  holder  for  the  JEOL  840X  scanning 

electron  microscope  which  operates  at  15  Kv.  The  distance 

between  the  electron  gun  and  specimen  was  approximately  39 

-9 

mm.  The  specimen  current  was  in  the  10  amp  range,  and  the 
vacuum  condition  was  approximately  10  6  torr.  The  fracture 
surfaces  were  examined  from  both  the  top  view  and  the  side 
view.  Then  the  characteristics  of  the  fracture  surfaces  were 
recorded  by  using  secondary  electron  images. 

2.3  Transmission  Electron  Microscopy  (TEM) 

To  prepare  a  sample  for  TEM,  a  3.0-mm  diameter  disk  was 
cut  from  the  1800  degree  Celsius  fracture  sample.  The  disk 
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was  mechanically  polished  to  a  thickness  of  100  microns  and 
then  dimpled.  Finally,  the  sample  was  ion  milled  until  it 
was  penetrated.  The  thickness  near  the  area  of  penetration 
is  estimated  to  be  1,000  angstroms.  A  Philip-400T  TEM  was 
used  to  examine  the  microstructure  of  the  thin  film  specimen. 
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3 .  EXPERIMENTAL  RESULTS 


3.1  Mechanical  Testing 

All  of  the  mechanical  properties  versus  the  test  tempera¬ 
tures  are  shown  in  Figures  1  through  3.  All  of  the  results 
are  well  in  agreement  with  the  published  data  from  H.  G.  Sell 
[6]  for  similar  materials.  The  ultimate  strength  at  1,600 
degrees  Celsius  is  19  ksi  decreasing  to  3.9  ksi  at  2,200  de¬ 
grees  Celsius.  The  elongation  at  1,600  degrees  Celsius  is  26 
percent,  increasing  with  temperature  to  38  percent  at  2,200 
degrees  Celsius. 

3.2  SEM  and  optical  Microscopy 

The  side  views  of  the  fractured  specimens  are  shown  on 
Figures  4  through  7.  Figure  5(a)  shows  the  micrograph  at 
310x  near  the  fracture  tip.  Figure  5(b)  shows  the  micrograph 
a  short  distance  from  the  fracture  tip.  There  is  significant 
difference  in  the  metallographic  picture.  Grain  boundary 
separation  and  elongation  along  the  tensile  axis  can  be  seen 
near  the  fracture  tip. 

The  electron  micrographs  of  tungsten-30  percent  rhenium 
show  that  the  fracture  mode  is  grain  boundary  sliding  as 
shown  on  figures  8  through  11.  Figures  8(a)  through  8(c) 
shows  the  SEM  fractographs  of  the  1,600-degree  Celsius  sample 
at  magnifications  of  250X,  2 , 500X  and  10.500X.  Figures  9 
through  11  show  the  same  phenomenon  at  various  temperatures. 


The  fractographic  examination  reveals  three  important 
aspects: 

(1)  The  fracture  mechanism  of  tungsten-30  percent 
rhenium  is  the  result  of  grain  boundary  sliding. 

(2)  There  are  variations  in  grain  size  between  samples 
tested  at  different  temperatures.  Higher  test  tempera¬ 
tures  resulted  in  larger  grain  sizes. 

(3)  The  porosity  of  the  fracture  is  due  to  the  powder 
metallurgy  sintering  process  that  was  used  in  the 
processing  of  the  tungsten-  rhenium  alloy. 

Figures  12(a)  and  12(b)  are  the  micrographs  of  arc- 
melted,  pure  tungsten  which  was  fractured  at  a  test  tempera¬ 
ture  of  2,100  degrees  Celsius.  The  fracture  mode  is 
intergranular  with  plastic  deformation.  Figures  13(a)  and 
13(b)  are  the  fractographs  of  powder  metallurgy  (P/M),  pure 
tungsten  which  was  fractured  at  a  test  temperature  of  2,200 
degrees  Celsius.  The  fracture  mode  iB  intergranular  with 
much  more  plastic  deformation  than  the  arc-melted,  pure, 
tungsten  specimen. 

3.3  Transmission  Electron  Microscopy 

Figures  14  and  15  show  the  micrograph  of  tungsten-30 
percent  rhenium  at  magnification  220,000x.  Figure  14  shows 
the  segregation  of  rhenium  from  the  tungsten  matrix.  Figure 
15  shows  the  o  phase  (tetragonal  structure). 


4. SUMMARY: 


4.1  According  to  Hall-Petch  equation: 

oy  =  o0  +  kd1'1 
oy  :  observed  yield  strength 

o„  :  is  equal  to  the  yield  stress  of  single  crystal 
d  :  average  grain  diameter 

k  :  is  a  measure  of  the  stress  for  propagation  of 
yielding  through  a  polycrystal 

From  the  optical  micrographs,  the  average  grain 
diameter  can  be  estimated,  the  ay  vs  d'l,!  is  presented  at 
Fig. 16.  The  experimental  results  is  in  agreement  with  the 
theoretical  prediction  in  the  range  of  1600’  C  through  2200" C 
for  W-30%  Re  alloys 

4.2  The  fracture  mechanism  of  the  W-30%  Re  is  grain 
boundaries  sliding.  However,  the  pure  tungsten  is 
intergranular  with  certain  amount  of  plastic  deformation. 

4.3  Optical  micrographs  show  the  separation  of  grain 
boundary  of  W-30%  Re  near  the  fractured  tips,  it  is  also 
consistent  with  the  observation  of  the  SEM  f ractographs . 

4.4  The  segregation  and  o  phase  of  W-30%  Re  shown  on 
Fig. 14  and  Fig.  15  is  the  result  of  quick  cooling  rate. 
However,  the  mechanism  of  microstructure  affecting  the 
mechanical  properties  is  still  unclear.  It  is  required  to 
study  the  microstructure  extensively. 
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30X  Re 


Test  Temperature  (Celsius) 


(b) 

Fig. 6.  Optical  micrograph  of  W-30%  Re  at  2000" C 
and  magnification  310X. 

(a)  near  fractured  tip 

(b)  away  from  fractured  tip  a  little  bit 
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Fig. 13  SEM  fractograph  of  P/M,  pure 

(a)  magnification  100X 

(b)  magnification  250X 

(c)  magnification  2.500X 
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Brightness  Temperature  (at  0.655  micron)  versus  .Lamp  Current 


Degrees  C 

Amperes 

Degrees  C 

Amperes 

(IPTS-68) 

(abs.) 

(IPTS-68) 

(abs.) 

800 

10.33 

1600 

21.66 

900 

11.14 

1700 

23.71 

1000 

12.12 

1800 

25.86 

•V 

1100 

13.29 

.  1900 

28.10 

■tt 

1200 

14.65 

2000 

30.42 

V 

m*  •* 

1300 

16.19 

2100 

32.83 

s* 

V 

1400 

17.88 

2200 

35.33 

1500 

19.71 

2300 

37.92 

F 

The  maximum  uncertainties  of  the  temperature  values  reported  are  estimated  to 
be  +2.5  degrees  at  800  °C,  +1.5  degrees  at  1100  ’C,  and  +3  degrees  at  2300  *C. 

The  values  in  the  above  table  and  the  uncertainties  apply  at  the  conclusion  of  r; 
the  calibration.  The  typical  change  vhen  the  lamp  is  operated  at  the  higher  tern-1" 
peratures  is  a  decrease  of  about  one  degree  per  ten  hours  at  all  temperatures. 

These  values  apply  when  the  lamp  is  operated  base  down  and  the  portion  of  the 
filament  at  the  notch  made  vertical.  The  center  contact  should  be  at  a  positive 
potential  and  the  room  temperature  at  25  *C.  The  sighting  should  be  made  on  the 
center  of  the  filament  across  from  the  notch,  with  the  arrow,  etched  on  the  back  v 
of  the  envelope,  appearing  at  the  notch.  The  calibration  was  performed  using  V 
the  NBS  photoelectric  pyrometer  described  in  the  paper,  "The  NBS  Photoelectric 
Pyrometer  and  Its  Use  in  Realizing  the  International  Practical  Temperature  Scale 
Above  1063  C,  R,  D.  Lee,  Metrologia  2,  150  (1966).  The  magnitudes  of  the  effec'-j 
when  altering  these  conditions  are  discussed  in  NBS  Monograph  41,  Theory  and  Meth-' 
ods  of  Optical  Pyrometry  (1962).  The  text  of  the  International  Practical  Tempera¬ 
ture  Scale  of  1968  may  be  found  in  the  April  1969  issue  of  Metrologia  (Vol.  5).  £ 

Sightings  were  made  such  that  the  angle  subtended  at  the  lamp  filament  by  the 
entrance  pupil  of  the  pyrometer  was  0.14  radian. 
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OPTICAL  PYROMETER  CALIBRATION 


ROMETER 

SCALE 

TEMPERATURE 

(CELSIUS) 

PHOTON 

COUNT 

II 

2,200 

737 

II 

2,100 

592 

II 

2,000 

390 

I 

2,000 

4,035 

I 

1,900 

3,221 

I 

1,800 

2,196 

I 

1,700 

1,266 

I 

1,600 

657 

0 

1,600 

2,354 

0 

1,500 

1,194 

0 

1,400 

462 

0 

1,300 

172.40 

0 

1,200 

58.350 

0 

1,100 

19.349 

0 

1,000 

8.120 

0 

900 

5.652 

0 

800 

5.560 
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